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ABSTRACT 
Because of the importance of solvation in the structure and function of DNA, 
there is considerable interest in understanding the salvation network of its constituent 
components. This is of particular importance in connection with the closing of base pairs 
that have been disrupted as a result of structural fluctuations. Open base pairs play a role 
in sequence recognition by proteins, DNA replication and transcription, interactions with 
ligands (e.g. drugs), and DNA photodamage. Following the opening of a base pair, the 
open base is exposed to a heterogeneous environment which includes, in addition to 
interactions with hydrating water, polar, nonpolar, and stacking interactions with 
adjacent bases and sugars. Toward the goal of understanding how the open bases interact 
with such a heterogeneous environment, we have studied the intrinsic fluorescence 
properties of the purine and pyrimidine deoxynucleosides: 2'-deoxyadenosine (dA), 
2'-deoxyguanosine (dG), 2'-deoxythymidine (<.IT), and 2'-deoxycytidine (dC) in organic 
solvents in the presence of small amounts of water. Exposure of the nucleoside to water 
was made at three different stages during the process of solution preparation and the 
resulting three solutions were designated accordingly: (i) the "premixed" solution in 
which the water and the organic solvent were mixed first and then the nucleoside was 
dissolved in their mixture (i.e. initial partial exposure to water), (ii) the "carry its own 
water" solution in which the nucleoside was dissolved in water and then diluted in the 
organic solvent to form the solution with the desirable water content (i.e. initial full 
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exposure to water), and (iii) the "injected water" solution in which the nucleoside was 
dissolved in the organic solvent and then a small amount of water was added to the 
solution (i.e. initial shielding from water). The organic solvents used in the present study 
were: n-butanol, acetonitrile, methanol, n-propanol, isopropanol, and isobutanol. 
For n-butanol and acetonitrile, which have a high degree of amphiphilicity and 
weak hydrogen bonding ability, respectively, the fluorescence spectral properties of the 
purines ( dA and dG) are found to depend on the extent of the initial exposure to water, 
being either full ("carry its own water" solution), partial ("premixed" solution), or 
complete shielding ("injected water" solution). This phenomenon suggests the retention 
of the solvation/hydration network initially formed around the purines. By contrast, no 
such dependence was observed in the other organic solvents. Moreover, no such 
dependence was observed for the pyrimidines ( dT and dC) in any of the organic solvents 
used in the present study. It was found that following initial full exposure to water 
("carry its own water" solution), purines, especially dG, would tend to preserve their 
hydration when subsequently exposed to interactions with amphiphilic molecular 
components such as n-butanol. It was also found that purines, that were initially shielded 
from the aqueous environment through interactions with n-butanol ("injected water" 
solution), tend to retain this initial solvation network; this is possibly accomplished 
through encapsulation of the purine by n-butanol in which dispersion interactions, 
~ -5 kcal/mo 1, and the length of the aliphatic chain of n-butanol play a role in giving rise 
to stacking configurations between purine and n-butanol molecules. On the other hand, 
initial shielding of the purines by acetonitrile ("injected water" solution), a solvent that 
forms very weak hydrogen bonds, would lead to partial exposure to water and to the 
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formation of a mixed network around them. This was also the case for direct initial 
partial exposure to water ("premixed" solution) in the case of n-butanol aqueous 
mixtures. It is deduced that the formation of these mixed networks depends critically on 
the amount of water in the mixture and involves mixed hydrogen bonds with water and 
the co-solvent. 
In contrast to the purines that have a distribution of polar groups on both rings, 
the pyrimidines have such groups on only one side of their ring, and this difference plays 
a role in the formation of different solvation networks around them. In aqueous mixtures 
of acetonitrile, the resulting solvation network around the pyrimidines would be one in 
which the polar region of the ring is hydrated due to its preference �or water, while the 
nonpolar region (hydrophobic) is solvated with acetonitrile due to the preference for 
hydrophobic interactions with its methyl group. This solvation network would be 
expected to be independent of the initial solvent exposure, and the results bear this out. 
The elaborate solvation network formed around the purines in n-butanol-water mixtures 
cannot be easily disrupted by the co-solvent and apparently cannot be formed around the 
pyrimidines. The results indicate that in the latter case the network formed in the three 
solutions are very similar. 
We also investigated the effect of temperature on the fluorescence properties of 
n-butanol and acetonitrile aqueous mixtures ("premixed", "carry its own water", and 
"injected water") for both dA and dG by measuring their fluorescence spectra after 
heating the samples up to 55 °C for a 20-minute period and allowing them to cool to 
room temperature. Plots of the fluorescence peak intensity as a function of the 
incubation temperature have yielded activation energies in the range of 1.4 kcal/mol to 
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3 .4 kcal/mo I for the process of the disruption of the solvation/hydration network around 
the purines. A thermodynamic analysis finds that both enthalpy and entropy changes 
make contributions to the processes involved in the manifestation of the retention of the 
hydration network after initial full exposure to water (i.e. in the "carry its own water" 
solution). In particular, partial dehydration of dA was found to be accompanied by an 
increase in the order of the organic solvent which was larger for the case of n-butanol 
than acetonitrile, TllS = - 3.1 kcal/mol vs. TllS = - 1.8 kcal/mol for the 15% solutions. 
For dG, the corresponding values are -3.6 kcal/mol and - 3.1 kcal/mol. The larger value 
for dG in acetonitrile may be the result of the much stronger dG-acetonitrile 
dipole-dipole interactions, ~ - 10.0 kcal/mo I as compared to - 2.3 kcal/mo I for the 
dA-acetonitrile interactions. 
We should note that the phenomenon observed here, in which purines have the 
tendency to retain certain solvation as well as hydration networks formed initially around 
them, is reminiscent of the reported "molecular memory" effect exhibited by the catalytic 
activity of enzymes dissolved in organic solvents in the presence of small amounts of 
water (Dai and Klibanov, 1999). These workers reported that the catalytic activity was 
dependent on the method of introduction of small amounts of water in the solution of 
enzymes in organic solvents. 
The existence of a possible correlation between the fluorescence spectral 
parameters and bulk solvent parameters was also investigated for the solutions of the 
nucleosides in the neat solvents. It was found that for solutions of dG, polar interactions 
tend to shift the fluorescence spectra to longer wavelengths and to quench their 
fluorescence. On the other hand, dispersion interactions are found to enhance their 
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fluorescence. Polar interactions were also found to shift the fluorescence spectra of dT to 
longer wavelengths. As for dA and dC, neither polar interactions nor dispersion effects 
seem to contribute to the observed changes in their fluorescence spectra. 
The findings of the present study suggest that the final salvation network formed 
around the purines is dependent on the nature of the environment to which they were 
initially exposed. In particular, the tendency of purines to retain their hydration after 
being exposed fully to water would tend to present an impediment to the closing of 
disrupted AT or GC base pairs and thus to prolong the lifetimes of the open states. This 
would render the DNA interior accessible to macromolecules, e.g. proteins and enzymes, 
and to ligands (such as drugs) without the need of having first its helix enzymatically 
unwound. The present study also suggests that interactiom between purines and long 
protein aliphatic chains, such as those of lysine and arginine, that resemble to a very good 
extent the chain of n-butanol, would tend to stabilize open base pair configurations in 
protein-DNA complexes. 
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Water is generally considered to be an integral part of DNA and a major 
determinant of its structure (Franklin and Gosling, 1953; Saenger, 1987; Westhof, 1988; 
Berman, 1994). It also appears to play a role in protein-DNA recognition (Otwinowski et 
al. , 1988; Qian et al. , 1993; Robinson and Sligar, 1993; Shakked et al. , 1994; Eisenstein 
and Shakked, 1995) and DNA-ligand interactions (e.g. drugs) (Kopka et al. , 1985 ; 
Chalikian et al. , 1994). X-ray crystallographic and NMR spectroscopic measurements 
reported the presence of an ordered spine of hydration in narrow minor grooves (Drew 
and Dickerson, 1981; Liepinsh et al. , 1992; Kubinec and Wemmer, 1992). Furthermore, 
less structured hydration patterns around the bases were found to be local (Schneider and 
Berman, 1995). The hydration patterns of DNA have been recently reviewed by Egli et 
al. (1998) and Halle and Denisov (1998). 
In DNA, adenine A is hydrogen bonded to thymine T through the imino and 
amino groups, whereas guanine G is hydrogen bonded to cytosine C (Fig. 1-1 ). This 
arrangement results in the Watson-Crick complementary AT and GC base pairs� 
respectively, in which the groups participating in interbase hydrogen bonding are 
shielded from the aqueous environment (Watson and Crick, 1953 ). (A and G are called 
purines, whereas T and C are called pyrimidines.) The hydration of adenine in DNA is 
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Figure 1- 1 .  The adenine-thymine (AT) and guanine-cytosine (GC) complementary base 
pairs in the Watson-Crick configuration. Dashed lines indicate hydrogen bonds. Here, A 
stands for adenine, T for thymine, G for guanine, C for cytosine, and R for the 
deoxyribose. 
2 
1995). [In B-DNA, the narrow minor groove lies on the side of the Watson-Crick base 
pair carrying the glycosidic bond to the ribose (Fig. I-1 ), while the major groove lies on 
the opposite side.] By contrast, all hydration sites in guanine are very similar (Schneider 
and Berman, 1995). This is also the case for the pyrimidines (thymine and cytosine). It 
was also reported that the hydration around the AT base pairs is similar to that around 
the GC base pairs (Schneider and Berman, 1995) 
Structural fluctuations in DNA would result in broken interbase hydrogen bonds 
and open base pairs (Englander and Kallenbach, 1984 ). The existence of such an open 
base pair state has been deduced from the process of the hydrogen exchange between the 
imino/amino protons and protons from the surrounding water molecules (Mandal et al. , 
1979 ; Englander and Kallenbach, 1984 ). The environment of such bases is 
heterogeneous as it includes, in addition to interactions with hydrating water, nonpolar, 
polar, and stacking interactions with adjacent bases and sugars. Base pair opening may 
play a role in sequence recognition by proteins. It is also important in DNA replication 
and transcription, and in interactions with ligands ( e.g. drugs), all of which involve DNA 
unwinding. Consequently, the open state has been extensively studied both 
experimentally (Mandal et al. , 1979 ; Englander and Kallenbach, 1984 ; Hartmann et al. , 
1986 ; Gueron et al. , 1987 ; Kochoyan et a/.,1987 ; Leroy et a/.,1988a; Leroy et al., 1988b; 
Damberger et al. , 1999 ; Warmlander et al. , 2000; Snoussi and Leroy, 2001 ) and 
theoretically (Ramstein and Lavery, 1988 ; Ramstein and Lavery, 1990; Briki et al. , 1991 ; 
Bernet et al. , 1997 ; Chen et al. , 1998 ; Chen et al. , 2000; Kryachko and Volkov, 2001 ; 
Giudice et al. , 2001 ). Since experimental studies have not been able to de�ermine the 
pathways of the open state (Gueron and Leroy, 1992), these pathways have been 
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projected from theoretical studies. Most of these studies investigated the opening of AT 
base pairs since they are less stable than the GC base pairs and thus their opening is more 
probable. The emerging picture from these studies is that base pair opening is more 
favorable toward the major rather than the minor groove of DNA (Ramstein and Lavery, 
1990; Bernet et al. , 1997; Chen et al. , 1998; Giudice et al. , 2001; Kryachko and Volkov, 
2001 ). It was also found that both bases pairs open simultaneously (Ramstein and 
Lavery, 1990). 
It is generally agreed that the imino protons, which are protected from their 
aqueous environment in DNA, can exchange with water only after opening of the base 
pairs. There also exist partially opened states which were invoked to describe exchange 
of the amino proton with formaldehyde (Manda} et al. , 1979; Lukashin and Vologodskii, 
1976). For a partially open AT base pair, it was recently found that interactions with 
bridging water molecules replace the direct interbase hydrogen bonds, previously formed 
between the bases, and facilitate their opening (Giudice et al. , 200 1; Kryachko and 
Volkov, 200 1 ). A preopened base pair state in which the AT base pair preopens toward 
the major groove followed by a stretching of the base pair, which would weaken the 
interbase hydrogen bonds, has also been suggested as the initial step of base pair opening 
(Kryachko and Volkov, 200 1) 
Measurement of the solvent exchange by utilizing its effect on the NMR 
relaxation rates of the imino protons is the best tool available for measuring the time 
scales for the open state. Such measurements reported that base pair opening and 
exposure of imino protons to the aqueous environment occurs on the millisecond time 
scale, with the opening of AT base pairs being about 3 times faster than that of GC base 
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pairs (Gueron et al. 1987; Leroy et al. , 1988a; Domberger et al. , 1999). On the other 
hand, the internal dynamics of DNA take place on the picosecond-nanosecond time 
scales (Georghiou et al. , 1996). The much slower time scale of base pair opening may be 
understood on the basis of a mechanism that invokes buildup of such fast fluctuations to 
rupture the interbase hydrogen bonds (Briki et al. ,  1 991 ). 
Theory as well as experiment find that base pairs open one at a time ( Gralla and 
Crothers, 1973; Lukashin and Vologodskii, 1976; Gueron et al. 1 987; Leroy et al. , 
1988a; Ramstein and Lavery, 1988). Theory also finds that there is a continuum of open 
states (Ramstein and Lavery, 1990; Briki et al. , 199 1 ;  Kryachko and Volkov, 200 1 ;  
Giudice et al. , 200 1 ). It has also been reported that bending facilitates base pair opening 
(Manning, 1 983 ; Ramstein and Lavery, 1988) and conversely, base pair opening 
facilitates bending, and that once a base pair is open, DNA bends and becomes very 
flexible over a wide range of radii of curvature (Ramstein and Lavery, 1 988). In this 
regard, we have recently shown (Georghiou, S., C. Large, and A. M. Ababneh, to be 
published) that asymmetry in the minor groove width would give rise to DNA bending 
toward the minor groove with the smaller width as a result of many-body polarization 
effects on the electrostatic interactions between the DNA phosphates. Interestingly, the 
amount of energy required for bending is very small, ~0.2 kca/mol (Jeltsch, 1998). 
The values of the fraction of open base pairs reported in the literature vary over a 
considerable range, - 10·5- 10-2 (Gralla and Crothers, 1973; Lukashin and Vologodskii, 
1976; McGhee and von Hippel, 1977; Wartell and Benight, 1982; Wilcoxon and Schurr 
1983 ; Wilcoxon et al. 1984; Frank-Kamenetskii, 1985; Chen and Prohofsky, 1 99 1 ;  Chen 
and Prohofsky, 1992). This is the result of limitations and uncertainties associated with 
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the experimental and theoretical methods e�ployed, as well as the fact that different 
methods probe different open states that range from configurations with exchangeable 
amino/imino protons with the solvent to completely unstacked base pairs (Frank­
Kamenetskii, 1 985, Wartell and Benight, 1 985). We note here that events of open base 
pairs have been observed in molecular dynamics simulations for canonical DNA 
duplexes (Cieplak et al. ,  1 997). 
The interaction of open bases with the aqueous environment was investigated 
mainly with NMR spectroscopic techniques using catalyzed exchange of the imino 
proton (Leroy et al. , 1 988a; Leroy et al. 1 988b; Braunlin and Bloomfield, 1 988; 
Domberger et al. ,  1 999; Wann.lander et al. , 2000). A review of the method and its 
application to base pair kinetics was given by Gueron and Leroy ( 1 995). NMR 
measurements of the imino proton exchange yield apparent lifetimes of the open pair 
which are in general on the nanosecond time scale (Gueron and Leroy, 1 992 ; Domberger 
et al. , 1 999) . These apparent lifetimes are the product of the open pair lifetime and an 
accessibility factor that takes into account differences in the accessibilities of the imino 
group to the catalyst in the open pair and in the mononucleoside (Braunlin and 
Bloomfield, 1 988; Gueron and Leroy, 1992), and thus they represent a lower limit for the 
actual lifetimes. A contribution from long-lived open states, on the microsecond time 
scale, which constituted approximately 10% of the open states, has also been reported 
(Warmlander et al. ,  2000). Because of steric effects, the accessibility of the imino proton 
to the catalyst may actually be much smaller than that for the mononucleoside, and this 
would result in much longer open state lifetimes than the aforementioned apparent 
lifetimes (Warmlander et al. , 2000). It was suggested that since there is no unique open 
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state, the measured lifetimes of the open state are the average of the lifetimes of the 
whole set of open states in which imino proton is accessible to the solvent (Briki et al. , 
1991 ). The dynamics of the interior of DNA do not appear to be the limiting factor in the 
closing rate of open base pairs: work from our laboratory (Georghiou et al., 1996) 
reported that the bases in DNA possess considerable flexibility, with a major rotational 
correlation time for a 20-mer of about 130 ps. 
In order to obtain insights into the interaction of open base pairs with their 
heterogeneous environment, we have investigated the effect of small amounts of water in 
organic solvents on the properties of the excites states of the isolated purine and 
pyrimidine nucleosides ( deoxyguanosine, dG, and deoxyadenosine, dA, deoxythymidine, 
dT, and deoxycytidine, dC) using fluorescence spectroscopy. 
Exposure of the nucleosides to water was done by preparing their solutions in the 
organic solvent mixtures in three different methods designated as "premixed", "carry its 
own water", and "injected water". In the "premixed" solution, the water and the organic 
solvent were mixed first and then the nucleoside was dissolved in the mixture. This 
gives the nucleoside initially equal access to water and to the organic solvent. In the 
"carry its own water" solution, the nucleoside was dissolved in water and then diluted in 
the organic solvent to form the solution with the desirable water content. In this 
preparation method, the nucleoside is given initial access to water. Finally, in the 
"injected water" solution, the nucleoside was dissolved in the organic solvent and then a 
small amount of water was added to the solution. This method gives the nucleoside 
initial access to the organic solvent. The organic solvents used in the present study are 
acetonitrile, methanol, n-propanol, isopropanol, isobutanol, and n-butanol. 
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Whereas the fluorescence spectral properties of both purines and pyrimidines are 
found to be quite sensitive to the nature of their environment, in solvents of high 
amphiphilicity or weak hydrogen bonding ability these properties of the purines are 
found to be also dependent on the nature of the environment to which they are initially 
exposed. This implied formation of a distribution of solvation networks around the 
purines is discussed in connection with the open state of AT and GC base pairs in DNA 
and the ensuing access of macromolecules and ligands ( e.g. drugs) to its interior . 
Below, we present a brief description of the electronic states and the transitions 
between them. Following the electronic excitation of a molecule by light, different 
photophysical processes can occur which take place in the form of transitions and are 
illustrated by the energy-level diagram (Fig. I-2) known as the Jablonski diagram 
(Lakowicz, 1983). These transitions are categorized as (a) Radiative excitation, i.e. 
absorption, (b) Radiative de-excitation, i.e. luminescence, and (c) Radiationless 
transitions. In Figure I-2, the Jablonski diagram is shown in which S0 is the ground 
singlet state, S 1 , and S2 are the first and second electronic excited singlet states, 
respectively, and T 1 is the first electronic excited triplet state. In a singlet excited 
electronic state, the electron has a spin orientation which is opposite to that of the ground 
electronic state and these two electrons are said to be paired; by contrast in an excited 
triplet state these two electrons are unpaired (i.e. their spins have the same orientation). 
Transitions between states of different multiplicities are forbidden (i.e. of low 
probability). At each electronic energy level, the molecule can exist in a number of 
vibronic energy levels denoted by 0, 1 ,2, ... etc. (Fig. I-2). Luminescence transitions 
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Fig. 1-2. The Jablonski diagram showing the energy levels of a molecule: the ground singlet state S0 , the first and second excited singlet states S1 and S2 , respectively, and the 
first excited triplet state T 1 • Dashed lines( - - - - - ) indicate vibronic energy levels associated with the electronic energy level (solid lines). Solid arrows indicate radiative 
transitions, whereas dotted arrows indicate radiationless transitions. 
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constant kF, while those between states of different multiplicity result in 
phosphorescence. Very fast radiationless transitions from higher electronic energy levels 
will bring the molecule to the lowest vibronic level of S I . Thus, fluorescence for most 
molecules is from the lowest vibronic level of S1 and therefore the fluorescence spectrum 
is independent of the excitation wavelength. Internal conversion from S I to S0, which 
occurs very rapidly with rate constant �. and intersystem crossing from S I to S0 with rate 
constant k1c ,  are radiationless transitions that compete with fluorescence . In DNA, � is 
very large, about 1 o-I2 s (Pecourt et al. , 2000; Peon and Zewail, 200 1 ). 
The fluorescence quantum yield q is defined (Birks, 1 970) as "the ratio of the 
number of fluorescence photons emitted by a system of molecules in dilute solution to 
the number of molecules excited (the number of absorbed photons)", and is then given by 
k � 
q = k / k = J F(v )dv 
F + i + IC O 
(1- 1 )  




kF + k; + k1c 





The fluorescence lifetimes for the DNA bases �e in the range of about 3 00 fs - 800 fs 
(Pecourt et al. , 2000; Peon and Zewail, 200 1 ). 
1 1  
CHAPTER 2 
MATERIALS AND METHODS 
Materials 
The deoxynucleosides were obtained from the following sources: 
2'-deoxyadenosine ( dA) from USB Corporation (Cleveland, OH), 2'-deoxyguanosine 
(dG) from Sigma (St. Louis, MO), and 2'-deoxythymidine (dT) and 2'-deoxycytidine 
( dC) from Calbiochem (La Jolla, CA). Spectral grade methanol was a product of 
Malinkcrodt (Paris, Ky). High purity acetonitrile, n-butanol, isopropanol, and isobutanol 
manufactured by Burdrick and Jackson were obtained from VWR Scientific (Suwanee, 
GA). HPLC grade n-propanol was obtained from Aldrich (Milwaukee, WI). Triply 
distilled water was obtained from Carolina Biological Supply Co. (Burlington, NC). 
These solvents were chosen on the basis of their transmission in the UV region 
and the solubility of water and the nucleosides in them. The cut-off wavelengths, above 
which the solvent absorption is very small, for these solvents are (in nm): 1 91 for water, 
190 for acetonitrile, 210 for methanol, 210 for isopropanol, 21 5 for n-butanol, 210 for 
n-propanol, and 230 for isobutanol. All nucleosides and organic solvents were checked 
for fluorescence impurities and were used without further purification. Different lot 
numbers were used throughout the study and the results obtained did not show a 
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dependence on a certain lot number. 
Methods 
Instrumentation 
All absorption measurements were performed using a Shimadzu UV Nis - 254 
spectrophotometer (Columbia, MD). Fluorescence measurements were made at a right 
angle to the incident light using the spectrofluorometer shown in Fig. II- 1 that employed 
the following components: 
• (L) Light source: a 1 kW Xe-Hg lamp (Spectral Energy Corp.; Hillsdale , NJ) 
• {M 1) Excitation monochromator: a 0.5 m focal length Bausch and Lomb 
monochromator (Rochester, NJ). 
• (SC) Sample compartment (chamber) which holds the cuvette that contains the 
sample S. Quartz cuvettes that had all four sides polished were used (Precision 
Inc., NJ). 
• (M2) Emission monochromator: a 0.32 m focal length HR-320 Instruments SA 
monochromator (Metuchen, NJ). 
• (PhM) Photomultiplier: a thermolelectrically cooled 9558 QB EMI 
Photomultiplier (Fairfield, NJ) 
• (Amp) Amplifier: a Stanford Research Systems SR 440 preamplifier (Sunnyvale, 
CA). 
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Figure 11-1 Sketch diagram of the spectrofluorometer used in the present study 




(PhC) Photon counter: a Stanford Research Systems SR400 photon counter 
(Sunnyvale, CA). 
(DAS) Data Acquisition System: The SR465 software supplied with the photon 
counter was used for the acquisition of the data. 
Sample Preparation Procedures 
All solvent solutions were prepared in glassware which was washed with (in 
sequence): chromic acid (for two hours), tap water, distilled water, triply distilled water, 
and spectroscopically pure methanol. The spatulas used in the preparation of the samples 
were left in detergent overnight, washed with tab water, triply distilled water, and dried 
under vacuum in an oven heated to 80 °C for 6 hours. Before the sample preparation, the 
spatulas were also washed with methanol and dried under a heating lamp. These 
procedures were found to be necessary because of the extremely low fluorescence 
quantum yields of the four nucleosides (see Table II-1): for every 10,000 photon 
absorbed, only approximately one fluorescence photon is emitted. In addition, other 
precautions need to be taken to avoid introducing any contaminants to the sample. These 
include frequent hand washing with non-perfumed soap between the different steps of 
sample preparation, using towels to handle door knobs the day an experiment was to be 
performed to avoid carrying grease and any other contaminants to the lab, and always 
taking extra precautions when handling any packages. It is also to be noted here that we 
have used specially-ordered pipet bulbs that had no powder since it was found (Gerke, 
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Table II-1. The extinction coefficient emax at the wavelength of the absorption peak 'Atax, 
and the fluorescence quantum yield q for the four nucleosides dA, dG, dT, and dC in 
aqueous solution. 











267 27 1 
0.9 0.7 
a source: Sprecher, C. A. and W. C. Johnson. 1977. Circular dichroism of the nucleic 
acid monomers. Biopolymers . 16:2243-2264. 
b Source: Cadet, J., and P. Vigny. 1990. In Bioorganic Photochemistry, Vol. 1. 
Photochemistry and Nucleic Acids. H. Morrison, editor. John Wiley & Sons, 
New York, NY. 
16 
1996) that such powder presents a major source of contamination. The nucleosides were 
added (in small amounts) to the vial containing the solvent and were hand-shaken until 
dissolved. When necessary, vortexing was also used. The absorption was checked and 
the solution was diluted in the cuvette until an absorbance A between 0 .05 and 0.06 at 
265 nm (which was the wavelength of excitation) was reached. This very low 
absorbance was used in order to insure that the fluorescence intensity is proportional to 
the sample concentration. This parameter is given by (Lakowicz, 1983) 
A = log (J
O 
I I) = c c d (II- I )  
Here, /
0 
and / are the incident and the transmitted light intensities, respectively, d is the 
optical path of the sample in cm, eis the molar extinction coefficient (in M- 1 cm-1), and c 
is the molar concentration in M. By using the values of the extinction coefficients (in 
water) for the four nucleosides employed in the present study (Table II-1 ) with d = I cm, 
the concentration of the samples for the fluorescence measurements carried out in the 
present study was of ~ 5 x 10-6 M . For the absorption spectral measurements, 
concentrations of about one order of magnitude larger than this were used. 
Solutions of nucleosides in water-organic solvent mixtures were prepared in three 
different methods designated as "premixed" solution, "carry its own water" solution, and 
"injected water" solution. In the "premixed" solution, the water and the organic solvent 
were first mixed in the desired proportions prior to dissolving the nucleoside in their 
mixture. In the "carry its own water" solution, the nucleoside was dissolved in water at a 
high enough concentration so that an absorbance in the range of 0.05-0.06 was obtained 
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when a small amount was diluted in the organic solvent to form the solution with the 
desirable water content. Finally, in the "injected water" solution, the nucleoside was 
dissolved in the organic solvent first and then a small amount of water was added to it. 
Data Acquisition and Analysis 
The fluorescence spectra were measured using the spectrofluorometer described 
above (Fig. 11- 1). In all measurements, the excitation wavelength was 265 nm because 
the Hg-Xe lamp has a strong line at that wavelength and the absorption spectra of the 
nucleosides have their maximum at about that line (Fig. 11-2). The lamp was turned on 
for a minimum of two hours before the experiment to insure stability of its intensity. The 
excitation and emission bandwidths were kept at 5 nm and 1. 7 nm, respectively. The 
entrance/exit slit widths of the excitation monochromator were 4 mm / 3 mm, whereas 
those for the emission monochromator were 2 mm / 2 mm, respectively. Both the sample 
and the reference were scanned in the range of 300 nm - 500 nm in steps of 0.2 nm. 
When necessary, scanning from 290 nm was made. The output was then collected using 
the SR465 software supplied with the photon counter, and by subtraction of the two scans 
a fluorescence spectrum was obtained that was uncorrected for the variation of the 
sensitivity of the photomultiplier-emission monochromator combination with emission 
wavelength (see below). A typical uncorrected fluorescence spectrum is shown in Fig. 
11-3. The least-squares fit for a polynomial was then used to obtain a smooth line 
spectrum. 
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Figure 11-2. Absorption spectra in water of the four nucleosides used in the present 
study: 2'-deoxyadenosine (dA), 2'-deoxyguanosine (dG), 2'-deoxythymidine (dT), and 
2' -deoxycytidine dC. In plotting this figure, the measured absorption spectra, normalized 
at their peaks, were multiplied by the corresponding molar extinction coefficient values 
from Table 11-1. 
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Figure II-3. A typical fluorescence spectrum which is uncorrected for the variation of the 
sensitivity of the photomultiplier-emission monochromator combination with emission 
wavelength. The curve shown is the polynomial fit to the data. 
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The correction of the fluorescence spectrum was done by multiplying the 
fluorescence intensity by the emission wavelength-dependent correction factors shown in 
Table 11-2 in steps of 5 nm. Figure 11-4 shows the corrected fluorescence spectrum; the 
corresponding uncorrected spectrum is shown in Fig. 11-3. For each sample, the 
measurements were repeated several times and the obtained spectra were averaged. The 
uncertainty in the fluorescence intensity was determined from the standard deviation of 
the average spectra and found to be ~ 7%. The widths of the fluorescence spectrum as 
well as that of the absorption spectrum, designated as the full-width-at-half-maximum 
(FWHM ) 11 v (in cm·1 ), were calculated from 
- 10
7 
L\ V = (L\ J )-­<A>  2 
(11-2) 
where LlA is the bandwidth (in nm) at half maximum and < A >  is the average wavelength 
of the band (in nm). For dG, the full-width-at-two-third-maximum (FWTTM) was used 
to calculate A v  in order to eliminate contributions from the long tail of the fluorescence 
spectrum (Fig. 11-5). Thus, in Eq. 11-2 for this case, LlA is the bandwidth at two third 
maximum and < A > is the average wavelength of this band. The calculation of the 
FWTTM was also made for the absorption spectrum of dG. The magnitude of the long 
tail in the fluorescence spectrum of dG is quantified by calculating the tail-to-peak-ratio 
y from the following formula 
(11-3) 
2 1  
Table II-2. Factors for correcting the fluorescence spectra for the variation of the sensitivity of the photomultiplier-emission monochromator combination with 
emission wavelength. 
wavelength (nm) correction factor wavelength (nm) correction 
300 1 .63 400 1 .00 
305 1 .72 
I 
405 0 . .  97 
3 10 1 .8 1  4 10  0.90 
3 1 5  1 .93 41 5 1 .03 
320 1 .93 420 1 . 1 3  
325 1 .87 425 1 . 1 0  
330 1 .8 1  430 1 .05 
335 1 .67 435 1 .0 1  
340 1 .57 440 0.96 
345 1 .43 I 
I 
445 0.94 
350 1 .53 450 0.90 
355 1 .28 455 0.95 
360 1 .28 I 460 1 . 1 0 
365 1 .22 465 1 .34 
370 1 .20 470 1 .55 
375 1 . 1 1 475 1 .7 1  
380 1 . 1 1 480 1 .75 
385 1 .09 485 1 .74 
390 1 .06 490 1 .7 1  
395 1 .03 495 1 .68 
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Figure II-4. The fluorescence spectrum that corresponds to that shown in Fig. II-3 after 
correcting it for the variation of the sensitivity of the photomultiplier-emission 
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Figure 11-5. Fluorescence spectra in water of the four nucleosides used in the present 
study: 2'-deoxyadenosine (dA), 2'-deoxyguanosine (dG), 2'-deoxythymidine {dT), and 





is the fluorescence peak intensity and /460 is the intensity at l = 460 nm. The 
estimated uncertainty in the wavelength of the fluorescence spectral peak was ± 2 nm, 
and that in the wavelength of the absorption spectral peak was ± 0.25 nm. 
The ratio of the fluorescence quantum yield q of the sample of interest to that of a 
reference sample qr is given by (Birks, 1970) 









and nr are the refractive indices of the solvent in the sample of interest and in the 
reference sample, respectively, A5 and Ar are the corresponding absorbances, and /5 (l) 
and J
r 
(l) are the corresponding fluorescence intensities at wavelength l. Each integral in 
the above formula is carried over the whole spectrum range and it represents the area 
under the fluorescence spectrum. 
For the temperature studies, the samples of dA and dG in n-butanol- and 
acetonitrile-water mixtures were heated for 20 minutes at the desired temperature and 
then allowed to cool to room temperature before making absorption and fluorescence 
measurements. The maximum temperature used for the n-butanol solutions was 49 ° C 
and for the acetonitrile solutions was 55° C. No significant changes were observed in the 
absorption spectra neither of dA or dG in neat n-butanol or acetonitrile or in any of their 
aqueous mixtures. This is illustrated in Figs. II-6 - II-9 and in Figs. II-10 - II-13 that 
show the absorption spectra of dA and dG, respectively, in n-butanol and acetonitrile as 
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Figure II-6. Comparison of the absorption spectrum of2'-deoxyadenosine (dA) in neat 
n-butanol at room temperature with that of dA in neat n-butanol at room temperature 
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Figure II-7. Comparison of the absorption spectrum of 2'-deoxyadenosine (d.A) in neat 
acetonitrile at room temperature with that of dA in neat acetonitrile at room temperature 
after a 20 minute incubation at 55 °C. The spectra have been normalized at their peaks. 
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Figure 11-8. Comparison of the absorption spectrum of 2'-deoxyadenosine (dA) in 1 5% 
"premixed" water in n-butanol solution at room temperature with that of dA in 1 5% 
"premixed" water in n-butanol solution at room temperature after a 20 minute incubation 
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Figure II-9. Comparison of the absorption spectrum of 2'-deoxyadenosine (dA) in 1 5% 
"premixed" water in acetonitrile solution at room temperature with that of dA in 1 5% 
"premixed" water in acetonitrile solution at room temperature after a 20 minute 
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Figure 11-10. Comparison of the absorption spectrum of 2'-deoxyguanosine (dG) in neat 
n-butanol at room temperature with that of dG in neat n-butanol at room temperature 
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Figure 11-1 1 .  Comparison of the absorption spectrum of 2'-deoxyguanosine (dG) in neat 
acetonitrile at room temperature with that of dG in neat acetonitrile at room temperature 
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Figure 11- 1 2. Comparison of the absorption spectrum of 2'-deoxyguanosine (dG) in 1 5% 
"premixed" water in n-butanol solution at room temperature with that of dG in 1 5% 
"premixed" water in n-butanol solution at room temperature after a 20 minute incubation 
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Figure II-1 3. Comparison of the absorption spectrum of 2'-deoxyguanosine (dG) in 15% 
"premixed" water in acetonitrile solution at room temperature with that of dG in 15% 
"premixed" water in acetonitrile solution at room temperature after a 20 minute 
incubation at 49 °C. The spectra have been normalized at their peaks. 
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of dA or dG in neat n-butanol or acetonitrile did not change significantly either (Fig. 
11- 1 4  - 11- 1 7). The fact that the absorption spectra in neat n-butanol and acetonitrile as 
well as in their aqueous mixtures are not affected by the temperature incubation 
procedure suggests that no temperature-induced chemical reactions in the ground state 
take place in these solutions. This is also true in the excited state, as the fluorescence 
spectra (Figs. 11- 1 4  - 11- 1 7) are seen to exhibit changes that are within the experimental 
error. However, changes in the fluorescence properties of the aqueous mixtures in these 
two solvents are observed which are the result of a reorganization of the solvation 
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Figure 11-14. Comparison of the fluorescence spectrum of 2'-deoxyadenosine (dA) in neat 
n-butanol at room temperature with that of dA in neat n-butanol at room temperature 



















. . T = 22 °C 
· · · · · · T = 55 °C 
0 L.L..L_l_...L.l_L.JL.L..L.l......L..J._L...JLLJ.....L...L..J.-1....J----LJ.....L.l......1._L...JL.L..c:I:::t::::t:::::t::::::lbtic� 
300 320 340 360 380 400 420 440 
Wavelength (run) 
Figure II-15. Comparison of the fluorescence spectrum of 2'-deoxyadenosine (dA) in neat 
acetonitrile at room temperature with that of dA in neat acetonitrile at room temperature 
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Figure 11-16. Comparison of the fluorescence spectrum of2'-deoxyguanosine (dG) in 
neat n-butanol at room temperature with that of dG in neat n-butanol at room temperature 
after a 20 minute incubation at 49 °C. 
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Figure 11-17. Comparison of the fluorescence spectrum of 2'-deoxyguanosine ( dG) in 
neat acetonitrile at room temperature with that of dG in neat acetonitrile at room 




Following the breaking of interbase hydrogen bonds in DNA, open bases are 
exposed to their environment. Such an environment is heterogenous since it includes not 
only interactions with hydrating water, but also polar, nonpolar, as well as stacking 
interactions with adjacent bases. In order to gain insights into the interaction of the open 
bases with such a heterogenous environment and how it may affect their ability to reform 
efficiently, we have studied the effect on the fluorescence properties of mononucleosides 
when exposed to small amounts of water in organic solvents. The exposure of both 
purine and pyrimidine nucleosides to water was achieved by preparing their solutions in 
organic solvents in which water is added during different stages of the solution 
preparation (see below). 
In this chapter the results are presented for the four nucleosides used in the 
present study: 2'-deoxyadenosine (dA), 2'-deoxyguanosine (dG), 2'-deoxythymidine 
(dT), and 2'-deoxycytidine (dC), in aqueous mixtures of organic solvents. The organic 
solvents used are n-butanol, acetonitrile, methanol, isopropanol, n-propanol, and 
isobutanol. The choice of these solvents was dictated by their transmission in the UV 
region and the solubility of water and of the nucleosides in them. These results will be 
followed by those aiming at investigating the disruption of the hydration/solvation 
network around the purines ( dA and dG) which were obtained through studying the 
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temperature effects on their fluorescence properties in aqueous mixture� of n-butanol and 
acetonitrile in which solutions are heated for 20 minutes and allowed to cool to room 
temperature. Finally, the solvent bulk effects on the fluorescence properties of the four 
nucleosides are investigated. 
Deoxynucleosides in Water-Organic 
Solvents Mixtures 
Solutions of 2' -deoxynucleosides in water-organic solvent mixtures were 
prepared with the three different methods described in Chapter 2 (Materials and 
Methods): "premixed", "carry its _own water", and "injected water'' . 
For the two purines, dA and dG, the fluorescence spectral properties of their 
aqueous mixtures in n-butanol and acetonitrile, which have a high degree of 
amphiphilicity and weak hydrogen bonding ability, respectively, (Marcus, 1 998) were 
found to depend on the sequence of steps in which the solutions are prepared and are 
presented separately from the spectral properties of the purines in the other solvents. The 
spectral properties of solutions that were left overnight remained unchanged, indicating 
that tp.e solutions had reached equilibrium prior to the measurements. Plots of the 
fluorescence spectra are presented for each solution. The following spectral parameters 
have also been calculated and presented: the width of the spectrum as defined by the 
Full-Width-at-Half-Maximum FWHM or the Full-Width-at-Two-Third-Maximum 
(FWTTM) for dG solutions (see Chapter 2), the wavelength of the fluorescence spectral 




(aqueous mixture) to that in the neat organic solvent I
P 
(neat solvent), i.e. 
I
P 
( aqueous mixture) 
f = ----I 
P 
( neat solvent) 
(III- I) 
2' - Deoxyadenosine ( dA) 
dA in n-Butanol Aqueous Mixtures 
Solutions of dA in water- n-butanol mixtures with water contents of 3%-1 5% by 
volume prepared in the three different methods, described above, were investigated. 
Figures III-I - III-14 show the fluorescence spectra for the 3% - 1 5% solutions. The 
spectral parameters, FWHM, l
p, and/ are listed in Table (III-I ). 
As can be seen from these figures (Figs. III-2 - III-14), the fluorescence spectra 
for solutions containing 5% - 15% water are dependent on the method of solution 
preparation. On the other hand, the spectra for the 3% water solution do not show such a 
dependence (Fig. III- I). We will first address the differences in the fluorescence 
properties between these methods of preparation. This will be followed by a discussion 
of the effect of increasing the water content on the fluorescence properties for each 
method of solution preparation individually. 
The absorption spectra for these solutions were investigated and were found not 
to show a dependence on the method of solution preparation. Figures III-1 5 - III-17 
show the absorption spectra for the three 8% solutions. From these figures it is seen that 
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• 3% water 
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Figure III- 1 .  Fluorescence spectra of 2'-deoxyadenosine (dA) in 3% water-n-butanol 
mixture, neat n-butanol, and water. The bars indicate the standard deviation. 
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60 9 neat n-butanol 
• 5% "premixed" 
B 5% "carry its own water" 
■ 5% "injected water" 
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Figure III-2. Fluorescence spectra of 2'-deoxyadenosine (dA) in 5% water-n-butanol 
mixtures designated as "premixed", "carry its own water", and "injected water'\ Also shown are the spectra in neat n-butanol and water. The bars indicate the standard 
deviation. 
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1 .0 9 neat n-butanol • 5% "premixed" 
B 5% "carry its own water" 
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Figure III-3. Fluorescence spectra, normalized at their peaks, of 2'-deoxyadenosine (dA) 
in 5% water-n-butanol mixtures designated as "premixed", "carry its own water", and 
"injected water". Also shown are the spectra in neat n-butanol and water. 
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Figure 111-4. Fluorescence spectra of 2'-deoxyacienosine (dA) in 6% water-n-butanol 
mixtures designated as "premixed", "carry its own water", and "injected water". Also 















e neat n-butanol • 6% "premixed" 
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Wavelength (run) 
420 440 
Figure 111-5 .  Fluorescence spectra, normalized at their peaks, of 2 '-deoxyadenosine (dA) 
in 6% water-n-butanol mixtures designated as "premixed", "carry its own water", and 
"injected water". Also shown are the spectra in neat n-butanol and water. 
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Wavelength (nm) 
Figure III-6 . Fluorescence spectra of2 '-deoxyadenosine (dA) in 7 %  water-n-butanol 
mixtures designated as "premixed", "carry its own water", and "injected water". Also 
shown are the spectra in neat n-butanol and water. The bars indicate the standard 
deviation. 
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300 320 340 360 380 400 420 440 
Wavelength (run) 
Figure 111-7. Fluorescence spectra of 2'-deoxyadenosine (dA) in 8% water-n-butanol 
mixtures designated as "premixed", "carry its own water", and "injected water". Also 
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9% "injected water" 
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Figure III-8 . Fluorescence spectra of2'-deoxyadenosine (dA) in 9 %  water-n-butanol 
mixtures designated as "premixed", "carry its own water", and "injected water". Also 
shown are the spectra in neat n-butanol and water. The bars indicate the standard 
deviation. 
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75 8 neat n-butanol 
• 1 0% "premixed" 
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Figure 111-9. Fluorescence spectra of 2'-deoxyadenosine (dA) in 10% water-n-butanol 
mixtures designated as "premixed", "carry its own water", and "injected water". Also 
shown are the spectra in neat n-butanol and water. The bars indicate the standard 
deviation. 
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Figure 111-10. Fluorescence spectra of 2'-deoxyadenosine ( dA) in 11 % water-n-butanol 
mixtures designated as "premixed", "carry its own water", and "injected water". Also 
shown are the spectra in neat n-butanol and water. The bars indicate the standard 
deviation. 
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e neat n-butanol 
• 12% "premixed" 
50 B 12% "carry its own water" 
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Figure III- I 1.  Fluorescence spectra of 2'-deoxyadenosine (dA) in 12% water-n-butanol 
mixtures designated as "premixed", "carry its own water", and "injected water". Also 
shown are the spectra in neat n-butanol and water. The bars indicate the standard 
deviation. 
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• 1 3% "premixed" 
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Figure III- 12 .  Fluorescence spectra of 2'-deoxyadenosine (dA) in 1 3% water-n-butanol 
mixtures designated as "premixed", "carry its own water", and "injected water". Also 
shown are the spectra in neat n-butanol and water. The bars indicate the standard 
deviation. 
53 
e neat n-butanol 
• 14% "premixed" 
50 B 14  % "carry its own water" 
■ 14  % "injected water" 
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Figure III-13. Fluorescence spectra of 2'-deoxyadenosine (dA) in 14% water-n-butanol 
mixtures designated as "premixed", "carry its own water", and "injected water". Also 
shown are the spectra in neat n-butanol and water. The bars indicate the standard 
deviation. 
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0 neat n-butanol 
• 1 5% "premixed" 
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B 1 5% "carry its own water" 
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Figure III-14. Fluorescence spectra of 2'-deoxyadenosine (dA) in 1 5% water-n-butanol 
mixtures designated as "premixed", "carry its own water'', and "injected water". Also 
shown are the spectra in neat n-butanol and water. The bars indicate the standard 
deviation. 
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Table III- I .  Fluorescence spectral parameters of 2'-deoxyadenosine (dA) in 
water-n-butanol mixtures: the ratio f of the peak intensity for the aqueous mixture to that 
for the neat organic solvent, the wavelength of the fluorescence spectral peak A
P 
(in nm), 
and the full-width-at-half- maximum FWHM (in cm·1). For dA in water, A
P
= 3 1 9 ± 2 nm 
and FWHM = 4570 ± 270 cm·1 • 
"premixed" "carry its own "injected water" 
water water" 
content 
(% v/v) f AP FWHM f AP FWHM f AP FWHM 
(run) (cm·1) (run) (cm· 1) (nm) (cm· 1) 
0% 1 322 4530 1 322 4530 1 322 4530 
3% I 320 4560 1 320 4560 l 320 4560 
5% 1 .3 3 1 9 4770 I . I  325 4320 1 .2 323 4790 
6% 1 .7 3 1 5  4730 1 . 1  325 4330 1 .2 323 4720 
7% . 2. 1 3 1 5  4570 I . I  327 46 10  1 .2 323 4590 
8% 2.5 3 16  4220 0.9 327 4640 1 .2 323 4470 
9% 1 .6 3 1 6 4240 0.9 328 4540 I . I  323 4670 
1 0% 1 .4 3 1 8  4 190 0.9 330 4630 1 . 1  324 4630 
1 1% 1 . 1  320 42 10 0.9 33 1 4650 1 . 1  324 4590 
12% 0.9 322 45 10 0.8 330 4780 I . I  324 4670 
1 3% 0.9 322 4440 0.8 33 1 4830 1 .0 325 4730 
14% 0.8 323 4440 0.7 33 1 4830 1 .0 325 4770 
15% 0.8 324 4490 0.7 33 1 5 1 80 1 .0 326 4790 
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Figure 111-1 5 .  Comparison of the absorption spectrum of2'-deoxyadenosine (dA) in 8% 
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Figure 111-16. Comparison of the absorption spectrum of 2'-deoxyadenosine (dA) in 8% 
"carry its own water" in n-butanol solution with that in neat n-butanol. The spectra have 
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8% " injected water" 
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Figure 111-17. Comparison of the absorption spectrum of 2'-deoxyadenosine (dA) in 8% 
"injected water" in n-butanol solution with that in neat n-butanol. The spectra have been 
normalized at their peaks. 
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the absorption spectra for the three solutions and that in neat n-butanol are virtually 
identical. This is also found to be the case for all the other aqueous solutions of 
n-butanol. 
Figure III-18 shows a comparison of the fluorescence peak intensities I
P 
for the 
three methods of solution preparation. For solutions containing 6% to 10% water, the 
"premixed" solutions have a much larger peak intensity than those of the "carry its own 
water" and "injected water" solutions. For water contents greater than 12%, fluorescence 
quenching is observed for all three methods, with the "carry its own water" exhibiting the 
largest quenching; this is consistent with the quenching observed in bulk water (see for 
example Fig. III-14). We should note here that polarity and hydrogen bonding effects on 
the quantum yield ( or fluorescence intensity) are expected but there is no theory to 
quantify these effects. The observed changes in the fluorescence intensity between the 
three solutions most likely stem from difference in the hydrogen bonding networks 
around dA in the three solutions. Figure III-19 shows the comparison between the 
wavelengths l
P 
of the fluorescence spectral peak for the three solutions. For all water 
contents used in this study, the wavelength of spectral peak for the "carry its own water" 
is the longest, whereas that for the "premixed" solution is the shortest. The shift between 
the wavelengths of the fluorescence spectral peak for these two solutions ranges from 6 
nm - 12 nm; the maximum shift of ~ 12 ± 3 nm is observed in solutions with a water 
content in the range of ~ 7% - 10%. This water content range is comparable with that of 
6% - 10%, for which the "premixed" solution exhibits the largest enhancement (Fig. III-
18), indicating that the large fluorescence enhancement is accompanied with shifts to 
shorter wavelengths. The shapes of the different spectra, as described by their widths 
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Figure III-18. Plot of the fluorescence peak intensity I
P 
for "premixed", "carry its own 
water", and "injected water" solutions of2'-deoxyadenosine (dA) in n-butanol aqueous 
mixtures as a function of the water content (% v/v). The bars indicate the standard 
deviation. 
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Figure III- 19. Plot of the wavelength of the fluorescence spectral peak ')..P for "premixed", 
"carry its own water", and "injected water" solutions of 2'-deoxyadenosine (dA) in 
n-butanol aqueous mixtures as a function of the water content (% v/v). The bars indicate 
the standard deviation. 
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(FWHM), do not depend strongly on the method of solution preparation as Fig. 111-20 
indicates. It is to be noted here that a plot of the relative fluorescence quantum yield q as 
a function of the water content (Fig. 111-21) is qualitatively similar to that for the 
fluorescence peak intensity (Fig. 111- 18). Below, the effect of increasing the water 
content on the fluorescence properties of dA is presented for each method of solution 
preparation individually. 
Figures 111-22 and 111-23 show the fluorescence spectra of dA in "premixed" 
solutions for water contents of 3% - 9% and 10%-15% by volume, respectively. Upon 
increasing the water content, the fluorescence peak intensity is seen to increase relative to 
that in neat n-butanol and to reach a maximum by a factor � 2.5 ± 0.3 for the 8% solution 
(Fig. 111-22). For larger water contents, the intensity drops below that of the 8% solution 
and a fluorescence intensity quenching is observed for the 12% - 15% solutions; for the 
15% solution, quenching by a factor � 1.3 ± 0. 1 is observed (Fig. Ill-23). It is also 
observed that the wavelength of the fluorescence spectral peak is shifted to shorter 
wavelengths where it reaches a minimum value of 3 15 nm (a shift by ~ 7  nm from that in 
neat n-butanol) for the 6% and 7% solutions. Further addition of water shifts the spectral 
peak to longer wavelengths relative to that 111:inimum and a value of 324 ± 2 nm is 
reached for the 15% solution, which is not very different from that in neat n-butanol (322 
± 2 run). The FWHM does not exhibit a strong dependence on the water content, with 
the spectra for the 8% - 11 % water solutions being slightly narrower than those for the 
other water contents (Fig. 111-20). 
For the "carry its own water" solutions, the fluorescence peak intensity remains 
virtually constant up to 7% water, and fluorescence quenching is observed for greater 
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Figure 111-20. Plot of the full-width-at-half-maximum (FWHM) of the fluorescence 
spectra for "premixed", "carry its own water", and "injected water" solutions of 
2'-deoxyadenosine (dA) in n-butanol aqueous mixtures as a function of the water content 
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Figure 111-21. Plot of the relative fluorescence quantum yield q for "premixed", "carry 
its own water", and "injected water" solutions of 2'-deoxyadenosine (dA) in n-butanol 
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Figure 111-22. Fluorescence spectra of 2'-deoxyadenosine (dA) in "premixed" water 
solutions in n-butanol with water contents of 3% - 9% by volume. Also shown are the 


















300 320 340 360 380 400 420 440 
Wavelength (run) 
Figure 111-23. Fluorescence spectra of 2'-deoxyadenosine (dA) in "premixed" water 
solutions in n-butanol with water contents of 10% - 1 5% by volume. Also shown are the 
spectra in neat n-butanol (0%) and water (100%). 
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water contents (Fig. III-24): this decrease is by a factor of about 1.5 ± 0.1 for the 15% 
solution, which is similar to that of 1.3 ± 0.1 observed for the "premixed" solution. A 
shift to longer wavelengths is observed upon increasing the water content, which for the 
15% solution is by ~ 9 ± 3 nm relative to that in neat n-butanol. The changes in the 
widths of the spectra are very small and slight broadening is observed only for large 
water contents: by ~ 480 ± 300 cm· 1 for the 15% solution (Table III-1 and Fig. III-20) .  
For the "injected water" solutions (Fig. III-25), the observed changes are small, 
with a maximum fluorescence enhancement by a factor of about 1.2 ± 0.1 for the 5% 
- 8% solutions. For larger water contents, a continuous decrease in the intensity and 
small shifts in the spectral peak are observed (Fig. III-25). For the 15% solution, this 
shift is by ~ 4 nm to longer wavelengths. No significant changes are observed in the 
widths of the spectra. 
dA in Acetonitrile Aqueous Mixtures 
We have also carried out measurements with mixtures of water and acetonitrile, a 
solvent that accepts a proton without donating one, with water contents of 3%, 5%, 8%, 
15%, 25%, and 30% by volume. While small amounts of water, 3%, or large amounts of 
water, 30%, did not show a dependence on the method of solution preparation (Fig. 
III-26), the other mixtures used in the present study (with water contents of 5%, 8%, 
15%, and 25%) do show such a dependence (Figs III-27 - III-30). The most pronounced 
difference is exhibited by the fluorescence peak intensity that is shown in Fig. III-31. 
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Figure 111-24. Fluorescence spectra of 2'-deoxyadenosine (dA) in "carry its own water" 
solutions in n-butanol with water contents of 5%-1 5% by volume. Also shown are the 
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Figure III-25. Fluorescence spectra of 2'-deoxyadenosine (dA) in "injected water" 
solutions in n-butanol with water contents of 5%-1 5% by volume. Also shown are the 
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Figure 111-26. Fluorescence spectra of 2'-deoxyadenosine (dA) in 3% and 30% water­
acetonitrile solutions. Also shown are the spectra in neat acetonitrile and water. 
71 
75 
0 neat Acetonitrile 
• 5% "premixed" 
B 5% "carry its own water" 
60 • 5% "injected water" 











1 5  
0 LL..L..L...L.l.-L-LL.L.L...L....L....L..J-LLL..L..L__l___l,.......L.,_LL.L..LJ..J.---1.......:LJ::!:�B::til!:::::I!!:!� 
300 320 340 360 380 400 420 440 
Wavelength (run) 
Figure 111-27. Fluorescence spectra of 2'-deoxyadenosine (dA) in 5% water-acetonitrile 
mixtures designated as "premixed", "carry its own water", and "injected water". Also 
shown are the spectra in neat acetonitrile and water. 
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Figure III-28. Fluorescence spectra of 2'-deoxyadenosine (dA) in 8% water-acetonitrile 
mixtures designated as "premixed", "carry its own water", and "injected water". Also 
shown are the spectra in neat acetonitrile and water. 
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Figure III-29. Fluorescence spectra of 2'-deoxyadenosine (dA) in 1 5% water-acetonitrile 
mixtures designated as "premixed", "carry its own water", and "injected water". Also 
shown are_ the spectra in neat acetonitrile and water. 
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Figure 111-30. Fluorescence spectra of2'-deoxyadenosine (dA) in 25% water-acetonitrile 
mixtures designated as "premixed", "carry its own water", and "injected water". Also 
shown are the spectra in neat acetonitrile and water. 
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Figure III-31. Plot of the fluorescence peak intensity I
P 
for "premixed", "carry its own 
water", and "injected water" solutions of 2'-deoxyadenosine (dA) in acetonitrile aqueous 
mixtures as a function of the water content (% v/v). The bars indicate the standard 
deviation. 
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spectra (FWHM) for the different solutions are shown in Figs. 111-32 and 111-33, 
respectively. Similar trends are observed in these two plots (Figs. 111-32 and 111-33) with 
the shifts to longer wavelengths in the peak position for the 8% "carry its own water" and 
"premixed" solutions (Fig. 111-32) being accompanied by a significant broadening in their 
respective spectra (Fig. 111-33). Below, we address the effect of the method of solution 
preparation on the fluorescence properties for each water content used in the study. 
The spectra for the 5% aqueous solutions are very similar in their widths and in 
the wavelengths of their peaks; however, they are shifted to longer wavelengths by 
~ 3 nm - 5 nm relative to that in neat acetonitrile (Fig. 111-32). The fluorescence peak 
intensities for the "carry its own water" and the "premixed" solutions are slightly 
quenched, by a factor of ~ 1 .2 ± 0. 1 ,  compared to that for the "injected water" solution. 
The spectrum for the 8% "injected water" solution has a shape which is very similar to 
that in neat acetonitrile, whereas those for the "carry its own water" and "premixed" 
solutions are considerably broader, by ~ 30% and 20% (Table lll:-2), respectively; the 
latter two spectra are shifted to longer wavelengths by ~ 7 ± 3 nm. However, the 
fluorescence spectrum for the "injected water" solution is enhanced by a factor of ~ 1 .4 ± 
0. 1 relative to that in neat acetonitrile. The spectra for all three 1 5% aqueous solutions 
have very similar shapes and are shifted to longer wavelengths by ~ 4 - 5 nm compared 
to that in neat acetonitrile, with the peak intensity for the "injected water" solution being 
enhanced by a factor of ~ 1 .4 ± 0. 1 (Fig. 111-29). Further addition of water, 25% (Fig. 111-
30), has little effect on the fluorescence properties of the three solutions (Figs. 111-3 1 
- 111-33), with the fluorescence peak intensity for the "injected water" solution being 
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Figure 111-32. Plot of the wavelength of the fluorescence spectral peak AP for 
"premixed", "carry its own water", and "injected water" solutions of 2'-deoxyadenosine 
(dA) in acetonitrile aqueous mixtures as a function of the water content (% v/v). The 
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Figure 111-33. Plot of the full-width-at-half-maximum (FWHM) for the fluorescence 
spectra of "premixed", "carry its own water", and "injected water" solutions of 
2 '-deoxyadenosine ( d.A) in acetonitrile aqueous mixtures as a function of the water 
content (% v/v). The bars indicate the standard deviation. 
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Table. III-2 . Fluorescence spectral parameters of 2 '-deoxyadenosine (dA) in 
water-acetonitrile mixtures: the ratio f of the peak intensity for the aqueous mixture to 
that for the neat organic solvent, the wavelength of the fluorescence spectral peak AP ( in 
nm), and the full-width-at-half- maximum FWHM (in cm·1) . For dA in water, 
AP = 319 ± 2 nm and FWHM = 4570 ± 270 cm·
1 • 
"premixed" "carry its own water" "injected water" 
water 
content f AP FWHM f AP FWHM f AP FWHM (% v/v) (nm) (cm·1) (nm) (cm·1) (nm) (cm·1) 
0% I 310 3430 1 310 3430 I 310 3430 
3 %  I . I  311 3340 I . I  311 3340 I . I  311 3340 
5% 0.8 313 3560 0.8 315 3730 1 .0 313 3460 
8% 0.9 316 4130 0.9 317 4490 1 .4 309 3150 
15% I . I  314 3850 1 .0 314 3710 1 .4 315 3570 
25% I . I  314 3840 I . I  314 3910 1.3 315 3730 
30% 1 .2 313 3900 1 .2 313 3900 1 .2 313 3900 
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by a factor of ~ 1 .2 relative to that of dA in neat acetonitrile, and with slight changes in 
the other spectral parameters. The spectral properties for the aqueous mixtures of dA in 
acetonitrile are listed in Table 111-2. We should note here that a plot of the relative 
fluorescence quantum yield q as a function of the water content (Fig. III 34) shows trends 
similar to those in Fig. 111-3 1 for the fluorescence peak intensity. With regard to the 
absorption spectra of dA in acetonitrile aqueous mixtures, virtually no changes are 
observed between the three types of solutions ( compare Figs. 111-35 - 111-37 for the 1 5% 
water solutions). 
dA in Methanol, Isopropanol, n-Propanol, and Isobutanol 
Aqueous Mixtures 
We have also made measurements in aqueous mixtures of the following four 
other alcohols: methanol, n-propanol, isopropanol, and isobutanol. Spectral changes are 
observed which are found to be independent of the method of solution preparation. This 
indicates that the phenomenon observed in n-butanol and acetonitrile aqueous solutions, 
(in which the fluorescence properties of dA are dependent on the sequence of steps of 
solution preparation) does not operate in aqueous mixtures with these four solvents. 
Below, we present these results. 
dA solutions in aqueous mixtures of methanol, a solvent which forms strong 
hydrogen bonds, show no significant changes in either the width of the fluorescence 
spectrum or in the wavelength of the fluorescence spectral peak relative to these spectral 
parameters in neat methanol (Fig. 111-38). However, the fluorescence peak intensity is 
gradually enhanced by a factor that reaches a value of about 1 .7 ± 0.2 for the 33% water 
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Figure III-34. Plot of the relative fluorescence quantum yield q for "premixed", "carry 
its own water", and "injected water" solutions of 2'-deoxyadenosine (d.A) in acetonitrile 
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Figure 111-35. Comparison of the absorption spectrum of 2'-deoxyadenosine (dA) in 15% 
"injected water" in acetonitrile solution with that of dA in neat acetonitrile. The spectra 
have been normalized at their peaks. Similar spectra were also obtained for all other 
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Figure 111-36 . Comparison of the absorption spectrum of 2'-deoxyadenosine (dA) in 15% 
"carry its own water" in acetonitrile solution with that of dA in neat acetonitrile. The 
spectra have been normalized at their peaks. Similar spectra were also obtained for all 
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Figure 111-37. Comparison of the absorption spectrum of 2'-deoxyadenosine (dA) in 15% 
"premixed" water in acetonitrile solution with that of dA in neat acetonitrile. The spectra 
have been normalized at their peaks. Similar spectra were also obtained for all other 
"premixed" water in acetonitrile solutions. 
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Figure III-38. Fluorescence spectra of 2'-deoxyadenosine (d.A) in methanol aqueous 
mixtures with water contents of 8%, 1 5%, 25%, and 33%. Also shown are the spectra in 
neat methanol and water. 
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solution (Fig. 111-38). The absorption spectrum remains virtually unchanged when water 
is added (Fig. 111-39). 
For isopropanol aqueous mixtures, the fluorescence peak intensity is enhanced for 
the 5% - 8% solutions, by a factor of ~ 1.5 ± 0.2 for the 8% solution, followed by 
fluorescence intensity quenching by a factor of ~ 1.3 ± 0.1 and ~ 1.4 ± 0.1 for the 10 % 
and the15 % solutions, respectively (Fig. 111-40). No significant changes in either the 
wavelengths of the fluorescence spectral peak or the spectral widths are observed for any 
of the solutions (Fig. 111-40). Virtually no changes are observed in the absorption spectra 
(Fig. 111-41 ). 
In the case of n-propanol aqueous mixtures, a considerable enhancement in the 
intensity of the fluorescence spectrum is observed for the 15% solution, by a factor of ~ 
1.6 ± 0.2, but with virtually no change in either the shape of the spectrum or the 
wavelength of its peak (Fig. 111-42). The spectrum for the 8% solution is similar to that 
in neat n-propanol but is shifted to longer wavelengths by ~ 5 nm (Fig. 111-42). The 
absorption spectrum is slightly altered when water is added (Fig. 111-43). For isobutanol 
aqueous mixtures, the fluorescence peak intensity remains virtually unchanged upon 
addition of water (Fig. III-44). However, significant changes in the other spectral 
properties are observed for the 8% solution: a red shift (i.e. to longer wavelengths) in the 
peak wavelength by ~ 7 ± 3 nm and a broadening in the spectrum by ~ 710 ± 300 cm· 1 
(Table 111-3). The fluorescence peak intensity and its wavelength for the 12% solution 
(Fig. 111-44) are similar to those in neat isobutanol. However, the spectrum in the 12% 
solution is slightly narrower by ~ 430 cm·1 (Table III-3). The a absorption spectrum 
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Figure III-39 . Comparison of the absorption spectrum of 2'-deoxyadenosine (dA) in 15% 
water-methanol mixture with that of dA in neat methanol. The spectra have been 




9 neat isopropanol 
• 5% water 
□ 8% water 
■ 1 0% water 
ii, 1 5% water 60 
-0 














300 320 340 360 380 400 420 440 
Wavelength (nm) 
Figure III-40. Fluorescence spectra of 2'-deoxyadenosine (dA) in isopropanol aqueous 
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Figure III-4 1 .  Comparison of the absorption spectrum of 2'-deoxyadenosine (dA) in 1 5% 
water-isopropanol mixture with that of dA in neat isopropanol. The spectra have been 














� 20 0 
� 
10 
e neat n-propanol 
• 8% water 
B 1 5% water 
■ 1 00% water 
0 L.L_j__j__LL.J..._L_.l_L.L.l._L..JLL..L...1.--1-L..L...L...J:��,e...jll,,,l,tl�---&,.14�==-,.,a..i.a 
300 320 340 360 380 400 420 440 
Wavelength (nm) 
Figure 111-42. Fluorescence spectra of2'-deoxyadenosine (dA) in n-propanol aqueous 
mixtures with water contents of 8% and 15%. Also shown are the spectra in neat 
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Figure 111-43. Comparison of the absorption spectrum of 2'-deoxyadenosine (dA) in 15% 
water-n-propanol mixture with that of dA in neat n-propanol. The spectra have been 
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Figure 111-44. Fluorescence spectra of 2'-deoxyadenosine (dA) in isobutanol aqueous 
mixtures with water contents of 8% and 12%. Also shown are the spectra in neat 
isobutanol and water. 
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Table III-3 . Fluorescence spectral parameters of 2'-deoxyadenosine (dA) in aqueous 
mixtures of methanol, isopropanol, n-propanol, and isobutanol with water contents of 8% 
and 15%: the ratio f of the peak intensity for the aqueous mixture to that for the neat 
organic solvent, the wavelength of the fluorescence spectral peak A
P 
( in nm), and the 
full-width-at-half- maximum FWHM (in cm· 1). For dA in water, A
P
= 31 9 ± 2 nm and 
FWHM = 4570 ± 270 cm·1 • 
0% water 8% water 15% water 
solvent f AP FWHM f AP FWHM f AP FWHM 
(run) (cm·1) (run) (cm·1) (nm) (cm·1) 
Methanol 1 315 4240 1 .1 313 4100 1 .2 314 4080 
Isopropanol 1 320 4300 1 .5 320 4520 0.7 320 4010 
n-Propanol 1 322 4850 1 .1 327 4880 1 .6 323 47 90 
Isobutanol 1 318 4130 1 .0 325 4830 1 .0 3 1 7  a 3700 a 
• Due to the low solubility of water in isobutanol, about 14 % (Marcus, 1998 ), the 
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Figure 111-45. Comparison of the absorption spectrum of2'-deoxyadenosine (dA) in 12% 
water-isobutanol mixture with that of dA in neat isobutanol. The spectra have been 
normalized at their peaks. A similar spectrum was also obtained for the 8% water 
solution. 
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here that water has a low solubility in isobutanol, 16% by volume (Marcus, 1 998), which 
is less than that of 17% in n-butanol. However, isobutanol has a shorter aliphatic chain 
than n-butanol. Thus, the length of the aliphatic chain seems to play an important role in 
the manifestation of the preset phenomenon in n-butanol. These considerations will be 
elaborated upon in Discussion, Chapter 4. 
2'-Deoxyguanosine (dG) 
As is the case for dA, the present phenomenon also occurs for 2'-deoxyguanosine 
( dG), the other purine, in aqueous mixtures of n-butanol and acetonitrile. We first 
describe the results for mixtures of water and n-butanol. 
dG in n-Butanol Aqueous Mixtures 
Figures (111-46 - 111-51) show the relative and the normalized fluorescence 
spectra for dG in aqueous mixtures of n-butanol for water contents of 3 %, 5%, 8%, 1 0%, 
11 %, and 1 5%. The dependence of these spectra on the method of solution preparation is 
seen from the plots of fluorescence spectral parameters as a function of the water content 
in Figs. 111-52 - 111-56. As is the case for dA, the spectra of the "premixed" solutions 
have the largest peak intensity for water contents in the range of 5% - 10% whereas those 
for the "carry its own water" solutions have the lowest intensity (Fig. 111-52). But, unlike 
the case of dA (Fig. 111-19), the spectral peak wavelengths for the "premixed" and the 
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Figure III-46. Fluorescence spectra of 2'-deoxyguanosine (dG) in a 3% water-n-butanol 
mixture, neat n-butanol, and water. 
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Figure III-4 7. Fluorescence spectra of 2'-deoxyguanosine (dG) in 5% water-n-:butanol 
mixtures designated as "premixed", "carry its own water", and "injected water". Also 
shown are the spectra in neat n-butanol and water. 
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Figure 111-48. Fluorescence spectra of 2'-deoxyguanosine (dG) in 8% water-n-butanol 
mixtures designated as "premixed", "carry its own water", and "injected water". Also 
shown are the spectra in neat n-butanol and water. 
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Figure III-49. Fluorescence spectra of 2'-deoxyguanosine (dG) in 1 0% water-n-butanol 
mixtures designated as "premixed", "carry its own water", and "injected water". Also · 
shown are the spectra in neat n-butanol and water. 
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Figure 111-50. Fluorescence spectra of2'-deoxyguanosine (dG) in 1 1  % water-n-butanol 
mixtures designated as "premixed", "carry its own water", and "injected water". Also shown are the spectra in neat n-butanol and water. 
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Figure III-51 . Fluorescence spectra of2'-deoxyguanosine (dG) in 1 5% water-n-butanol 
mixtures designated as "premixed", "carry its own water", and "injected water". Also 
shown are the spectra in neat n-butanol and water. 
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Figure III-52. Plot of the fluorescence peak intensity IP for "premixed", "carry its own water", and "injected water" solutions of 2'-deoxyguanosine (dG) in n-butanol aqueous mixtures as a function of the water content (% v/v). The bars indicate the standard 
deviation. 
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Figure III-53 .  Plot of the wavelength of the fluorescence spectral peak lP for 
"premixed", "carry its own water", and "injected water" solutions of 2'-deoxyguanosine 
(dG) in n-butanol aqueous mixtures as a function of the water content (% v/v). The bars 
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Figure III-54. Plot of the full-width-at-two-third-maximum (FWTTM) for the 
fluorescence spectra of "premixed", "carry its own water", and "injected water" 
solutions of 2'-deoxyguanosine (dG) in n-butanol aqueous mixtures as a function of the 
water content (% v/v). The bars indicate the standard deviation. 
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Figure 111-55 .  Plot of the relative fluorescence quantum yield q for "premixed", "carry 
its own water", and "injected water" solutions of 2'-deoxyguanosine (dG) in n-butanol 
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Figure III-56 . Plot of the tail-to-peak ratio y of the fluorescence spectrum for 
"premixed", "carry its own water", and "injected water" solutions of 2'-deoxyguanosine 
(dG) in n-butanol aqueous mixtures as a function of the water content (% v/v). The tail 
was measured at l = 460 nm (see Chapter 2). The bars indicate the standard deviation. 
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"injected water" solutions are very similar (Fig. III-53) . The spectra for the "carry its 
own water" solutions are shifted to longer wavelengths relative to those of the other two 
solutions by ~ 4 nm - 7 nm (Fig. IIl-53) and are considerably broader (Fig. III-54) . The 
largest shift of 7 nm, which is smaller than that of 12  nm observed for the dA solutions 
(Fig. III-19), is reached for water contents of 8% - 11 % (a range which is comparable to 
that for dA). A plot of the relative fluorescence quantum yield as a function of the water 
content (Fig. III-55)  is qualitatively similar to that of the fluorescence peak intensity (Fig. 
III-52). Figure III�56 shows a plot of the tail-to-peak-ratio y of the fluorescence spectra 
of the three solutions as a function of the water content. As is seen from this figure and 
Fig. 111-54, y and the widths (FWTTM) of the fluorescence spectra exhibit similar trends, 
indicating that the long tail of the fluorescence spectra in these solutions is strongly 
linked to the width of the electronic potential energy surfaces. The dependence of the 
fluorescence properties on the amount of water for each individual method of solution 
preparation is described below. 
For the "premixed" solutions (Fig. III-57), the fluorescence intensity increases 
relative to that in neat n-butanol (as is the case for dA (Fig. 111- 1 8)) and reaches a 
maximum by a factor of about 2.1 ± 0.2 for the 8 % solution (Fig. III-57). For larger 
water contents, the fluorescence decreases and an actual quenching is observed for the 
11 % and 15% solutions relative to the fluorescence in neat n-butanol; for the 15% 
solution, the quenching is by a factor of ~ 1.3 ± 0.1. However, addition of water has 
very little effect on either the wavelength of the spectral peak or the width of the spectra 
for the "premixed" solutions, with the exception of the 15% solution which is broader by 
~ 600 ± 300 cm-1 relative to the other "premixed" solutions (Table III-4). For the "carry 
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Figure III-57. Fluorescence spectra of 2'-deoxyguanosine (dG) in "premixed,, water solutions in n-butanol solutions with water contents of 5% - 1 5% by volume. Also 
shown are the spectra in neat n-butanol and water. 
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Table 111-4. Fluorescence spectral parameters of 2'-deoxyguanosine (dG) in 
water-n-butanol mixtures: the ratio f of the peak intensity for the aqueous mixture to that 
for the neat organic solvent, the wavelength of the fluorescence spectral peak AP ( in nm), and the full-width-at-two-third- maximum FWTTM (in cm· 1). For dG in water, 
AP = 327 ± 2 nm and FWTTM = 5040 ± 260 cm· 1 • 
"premixed" "carry its own water" "injected water" 
water 
content f AP FWTTM f AP FWTTM f AP FWTTM (% v/v) (nm) (cm·1) (run) (cm·1) (nm) (cm· 1) 
0% 1 319 41 50 1 319 4150 1 31 9 41 50 
3% 1.0 319  41 80 1 .0 319  41 80 1 .0 319 41 80 
5% 1 .4 317 3870 0.9 321 4650 1 .0 31 8 41 10 
8% 2.1 317 4020 0.7 324 4590 1.0 317 3970 
10% 1 .1 3 18  3920 0.7 325 51 30 0.9 31 8 4110  
1 1% 0.8 319 3730 0.7 326 5270 0.9 318  4200 
1 5% 0.7 321 4650 0.6 326 5320 0.9 321 4710 
1 10 
it own water'' solutions, a gradual quenching is observed upon increasing the water 
content (Fig. 111-58) that reaches a maximum by a factor of ~ 1 .7 ± 0.2 for the 1 5% 
solution. It is also observed that increasing the water content has the effect of gradually 
shifting the spectrum of the "carry its own water" solution to longer wavelengths (Fig. 
111-53) as well as broadening it relative to that in neat n-butanol (Fig. 111-54). The shift is 
by ~ 7 ± 3 nm for the 1 5% solution and the broadening is by ~ 1200 ± 300 cm· 1 (Table 
111-4). It is worth noting that this shift moves the spectrum of the "carry its own water" 
solution closer to that in water (Fig. 111-58), which is shifted to longer wavelengths by ~ 
8 nm and is broader by ~ 900 cm· 1 relative to that in neat n-butanol (Table 111-4). For the 
"injected water" solutions, a weak quenching is observed (Fig. 111-59), by a factor of 
~ 1 .1  ± 0.1 for the 10% - 15% solutions (Table 111-4). No significant changes are 
observed in either the wavelengths of the fluorescence spectral peak or in the width of the 
spectra upon addition of water (Table 111-4). As is the case for dA, the absorption spectra 
for dG in water-n-butanol mixtures are independent of the method of solution preparation 
and are not very different from that in neat n-butanol (Figs. 111-60 - 111-62). 
dG in Acetonitrile Aqueous Mixtures 
Solutions of dG in aqueous mixtures of acetonitrile were prepared for water 
contents of 5%, 8%, 1 5%, 25%, and 30% by volume. The spectra for the solutions 
containing 8%, 1 5%, and 25% water show a dependence on the method of solution 
preparation (Figs 111-63 - 111-65). The onset and the cessation of the present phenomenon 
is at ~ 5% and 30% water contents, respectively (Fig. 111-66) . Figure 111-67 shows a plot 
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Figure III-58. Fluorescence spectra of 2'-deoxyguanosine (dG) in "carry its own water" 
solutions in n-butanol solutions with water contents of 5% - 1 5% by volume. Also 
shown are the spectra in neat n-butanol and water. 
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Figure III-59. Fluorescence spectra of 2'-deoxyguanosine (dG) in "injected water" 
water-n-butanol solutions with water contents of 5% -1 5%. Also shown are the spectra 
in neat n-butanol and water. For clarity of presentation, some of the spectra are not 
shown. For clarity of presentation, some of the spectra are not shown. 
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Figure III-60. Comparison of the absorption spectrum of 2'-deoxyguanosine (dG) in 8% 
"premixed" water in n-butanol mixture with that of neat n-butanol. The spectra have 
been normalized at their peaks. Similar spectra were also obtained for all the other 
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Figure III-6 1 .  Comparison of the absorption spectrum of 2'-deoxyguanosine (dG) in 8% 
"carry its own water" in n-butanol mixture with that of neat n-butanol .  The spectra have 
been normalized at their peaks. Similar spectra were also obtained for all the other 
"carry its own water" in n-butanol solutions. 
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Figure III-62 . Comparison of the absorption spectrum of 2 '-deoxyguanosine (dG) in 8 %  
"injected water" in n-butanol mixture with that of neat n-butanol; _the spectra have been 
normalized at their peaks. Similar spectra were also obtained for all the other "injected 
water" in n-butanol solutions. 
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Figure III-63. Fluorescence spectra of of 2'-deoxyguanosine (dG) in 8% 
water-acetonitrile mixtures designated as "premixed", "carry its own water", and 
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Figure III-64. Fluorescence spectra of of 2'-deoxyguanosine (dG) in 15% 
water-acetonitrile mixtures designated as "premixed", "carry its own water", and 
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Figure III-65 . Fluorescence spectra of of 2'-deoxyguanosine ( dG) in 25% 
water-acetonitrile mixtures designated as "premixed", "carry its own water", and 
"injected water". Also shown are the spectra in neat acetonitrile and water. 
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Figure 111-66. Fluorescence spectra of 2'-deoxyguanosine (dG) in 5% and 30% 
water-acetonitrile solutions. Also shown are the spectra in neat acetonitrile and water. 
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Figure III-67. Plot of the fluorescence peak intensity IP for "premixed", "carry its own water", and "injected water'' solutions of 2'-deoxyguanosine (dG) in acetonitrile aqueous 
mixtures as a function of the water content (% v/v). The bars indicate the standard 
deviation. 
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of the fluorescence peak intensity as a function of the water content, which is 
qualitatively similar to that for dA in these mixtures (Fig. III-3 1 ). It is seen from this 
figure that the fluorescence peak intensity is enhanced considerably for the 8% and 1 5% 
"injected water" solutions. Unlike the case of dA (Figs. III-32 and III-33), both the 
wavelength of the spectral peak and the width of the spectrum (FWTTM) show a 
moderate dependence on the method of solution preparation over a wider range of water 
content (Figs . III-68 and 111-69), with both spectral parameters exhibiting similar trends; 
this indicates that the red shift (i. e. shift to longer wavelengths) in the wavelengths of the 
spectral peak (Fig. III-68) for the "carry its own water" solutions are accompanied with a 
spectral broadening (Fig. III-69). Following is a more detailed account of the results . 
While the shapes of the fluorescence spectra for the 8% "premixed" and "injected 
water" solutions are very similar, the spectrum for the "carry its own water" solution is 
shifted to longer wavelengths by ~ 5 nm and is broader by ~ 800 ± 300 cm· 1 relative to 
the other two solutions (Table III-5). The spectrum for the "injected water" solution is, 
however, considerably enhanced relative to that in neat acetonitrile by a factor of ~ 1 .5 ± 
0.2 (Fig. 111-67). The spectra for the 1 5% solutions (Fig. 111-64) exhibit trends similar to 
those for the 8% solutions, and all three spectra are shifted to longer wavelengths by ~ 3 -
5 nm relative to those of the 8% solutions (Fig. III-68). However, the spectral 
broadening in the "carry its own water" solution is less pronounced (~400 cm-1) and the 
fluorescence enhancement in the "injected water" solution is slightly smaller ( ~ 1 .3 ± 
0. 1 )  (Table IIl-5). Further addition of water, 25%, has little effect on the widths (Fig. 
III-69) of the spectra or the wavelengths of their peaks (Fig. IIl-68). The intensity for the 
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Figure III-68. Plot of the wavelength of the fluorescence spectral peak }...P for "premixed", "carry its own water", and "injected water'' solutions of 2'-deoxyguanosine (dG) in acetonitrile aqueous mixtures as a function of the water content (% v/v). The 
bars indicate the standard deviation. 
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Figure III-69. Plot of the full-width-at-two-third-maximum (FWTTM) for "premixed", 
"carry its own water", and "injected water" solutions of 2'-deoxyguanosine (dG) in 
acetonitrile aqueous mixtures as a function of the water content (%v/v). The bars 
indicate the standard deviation. 
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Table III-5. Fluorescence spectral parameters of 2'-deoxyguanosine (dG) in 
water-acetonitrile mixtures: the ratio f of the peak intensity for the aqueous mixture to 
that for the neat organic solvent, the wavelength of the fluorescence spectral peak AP ( in 
nm), and the full-width-at-two-third- maximum FWTTM (in cm- 1) .  For dG in water, 
AP = 327 ± 2 nm and FWTTM = 5040 ± 260 cm-
1 • 
"premixed" "carry its own water" "injected water" 
water 
content f AP FWTTM f AP FWTTM f AP FWTTM (% v/v) (nm) (cm· 1) (nm) (cm- 1) (nm) (cm· 1) 
0% 1 3 17 4160 1 3 17 4160 1 3 17 4160 
5% 1. 1 320 3980 1. 1 320 3980 1. 1 320 3980 
8% 1.0 3 15 3570 1.0 320 4370 1.5 3 16 3550 
15% 0.9 320 3940 1.0 324 4410 1.3 3 19 4080 
25% 1.0 3 19 4250 0.9 323 4700 1. 1 3 19 4140 
30% 0.8 322 5270 0.8 322 5270 0.8 322 5270 
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factor of ~ 1.2. Addition of larger amounts of water, 30%, greatly broadens the 
fluorescence spectra of all three solutions (Fig. 111-69), by ~ 1100 ± 300 cm·1 (Table 
111-5) relative to that in neat acetonitrile, slightly quenches the intensity by ~ 1.2 ± 0.1, 
and shifts the spectral peak to longer wavelengths by ~ 5 nm (Fig. 111-67). As was 
mentioned above, the fluorescence spectrum of dG exhibits a tail, the potential origin of 
which is elaborated upon in the Discussion, Chapter 4. A plot of the tail-to-peak-ratio y 
as a function of the water content (Fig. III-70) is seen not to exhibit a strong dependence 
on the method of solution preparation. However, it seen from that plot that the 
tail-to-peak ratio decreases significantly when a small amount of water is added, 5%, and 
increases relative to that for the 5% solution upon addition of more water until it reaches 
a peak, after which y drops sharply (Fig. 111-70). For the "premixed" and the "injected 
water" solutions the peak value is reached at the water content of 15%, whereas that for 
the "carry its own water" solutions is reached at the 8% water content (Fig. 111-70). The 
dependence of the relative fluorescence quantum yield q on the method of solution 
preparation (Fig. 111-71) is qualitatively similar to that of the fluorescence peak intensity 
(Fig. III-67). As is the case for water-n-butanol mixtures, the absorption spectra for dG 
in water-acetonitrile mixtures are independent of the method of solution preparation and 
are very similar to that in neat acetonitrile (Figs. 111-72 - 111-74). 
dG in Methanol, Isopropanol, n-Propanol, and Isobutanol 
Aqueous Mixtures 
In aqueous mixtures of methanol (Fig. 111-75), no significant changes in the 
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Figure III-70. Plot of the tail-to-peak ratio y of the fluorescence spectrum for 
"premixed", "carry its own water", and "injected water" solutions of 2'-deoxyguanosine 
(dG) in acetonitrile aqueous mixtures as a function of the water content (% v/v). The tail 
was measured at l = 460 nm (see Chapter 2). The bars indicate the standard deviation. 
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Figure III-7 1. Plot of the relative fluorescence quantum yield q for "premixed", "carry 
its own water", and "injected water" solutions of 2'-deoxyguanosine (dG) in acetonitrile 
aqueous mixtures as a function of the water content (% v/v); the quantum yields are 
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Figure III-72. Comparison of the absorption spectrum of 2'-deoxyguanosine (dG) in 15% 
"premixed" water in acetonitrile mixture with that of dG in neat acetonitrile. The spectra 
have been normalized at their peaks. Similar spectra were also obtained for all the other 
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Figure III-73 . Comparison of the absorption spectrum of 2'-deoxyguanosine (dG) in 1 5% 
"carry it own water" in acetonitrile mixture with that of dG in neat acetonitrile. The 
spectra have been normalized at their peaks. Similar spectra were also obtained for all 
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Figure III-74. Comparison of the absorption spectrum of 2'-deoxyguanosine (dG) in 1 5% 
"injected water" in acetonitrile mixture with that of dG in neat acetonitrile. The spectra 
have been normalized at their peaks. Similar spectra were also obtained for all the other 
"injected water" in acetonitrile solutions. 
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Figure 111-75. Fluorescence spectra of 2'-deoxyguanosine (dG) in methanol aqueous 
mixtures with water contents of 8% and 15%. Also shown are the spectra in neat 
methanol and water. 
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enhancement in the fluorescence intensity by a factor of ~ 1 .3 ± 0. 1 is observed for the 
1 5% water mixtures but with virtually no change in the shape of the spectrum (Fig. 
111-75). The absorption spectrum of dG does not significantly change upon addition of 
1 5% water (Fig. 111-76). 
For isopropanol aqueous mixtures, a large fluorescence enhancement (Fig. 
111-77) is observed for the 8% solution, by a factor of ~ 1 .5 ± 0.2, which is accompanied 
by a shift in the spectral peak to shorter wavelengths by ~ 5 nm and a narrowing of the 
spectrum by ~ 730 ± 300 cm- 1 (Table 111-6). Addition of more water, 1 5%, results in a 
reduction in the fluorescence intensity by a factor of ~· 1 .2 (Fig. III-77) and a shift in the 
wavelength of the fluorescence spectral peak to longer wavelength by ~ 4 nm compared 
to that in the 8% solution (Table 111-6). The width of the fluorescence spectrum is not 
significantly altered (Table 111-6). Also, the absorption spectrum is not significantly 
altered upon addition of water (Fig. 111-78). 
In the case of aqueous mixtures in n-propanol, addition of small amounts of 
water, 8%, results in considerable. changes in the fluorescence spectrum (Fig. 111-79): a 
large shift of the spectral peak to longer wavelength by ~ 10 ± 3 nm, and a fluorescence 
enhancement by a factor of ~ 1 .4 ± 0. 1 are observed (Table 111-6). However, the width of 
the spectrum is not significantly affected. Addition of more water, 1 5%, results in a 
dramatic broadening of the spectrum by ~ 60% compared to that of the 8% solution 
{Table 111-6), and in a quenching in the fluorescence peak intensity by a factor of ~ 1 .2 
(Fig. III-79), but with little change in its wavelength. The absorption spectrum of dG in 
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Figure III-76 . Comparison of the absorption spectrum of 2'-deoxyguanosine (dG) in 15% 
water-methanol mixture with that of dG in neat methanol. The spectra have been 
normalized at their peaks. A similar spectrum was also obtained for the 8% water 
solution. 
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Figure III-77. Fluorescence spectra of 2'-deoxyguanosine (dG) in isopropanol aqueous 
mixtures with water contents of 8% and 15%. Also shown are the spectra in neat 
isopropanol and water. 
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Table III-6. Fluorescence spectral parameters of2'-deoxyguanosine (dG) in aqueous · 
mixtures of methanol, isopropanol, n-propanol, and isobutanol with water contents of 8% 
and 15%: the ratio f of the peak intensity for the aqueous mixture to that for the neat 
organic solvent, the wavelength of the fluorescence spectral peak AP ( in nm), and the 
full-width-at-two-third- maximum FWTTM (in cm· 1). For dG in water, AP = 327 ± 2 nm 
and FWTTM = 5040 ± 260 cm·1 • 
0% water 8% water 15% water 
solvent f AP FWTTM f AP FWTTM f AP FWTTM (nm) (cm·1) (nm) (cm·1) (nm) (cm·1) 
Methanol 1 329 4290 1.1 330 4230 1.3 332 4280 
Isopropanol 1 333 4950 1.5 328 4210 1.3 332 4370 
n-Propanol 1 324 4690 1.4 334 4330 1.2 336 6790 
Isobutanol 1 326 3960 1.0 327 3860 1 .4 a 326 a 3840 a 
a Due to the low solubility of water in isobutanol, about 14% (Marcus, 1998), the 
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Figure 111-78. Comparison of the absorption spectrum of 2'-deoxyguanosine (dG) in 15% 
water-isopropanol mixture with that of dG in neat isopropanol. The spectra have been 
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Figure III-79. Fluorescence spectra of 2'-deoxyguanosine (dG) in n-propanol aqueous 
mixtures with water contents of 8% and 15%. Also shown are the spectra in neat 
n-propanol and water. 
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Figure 111-80. Comparison of the absorption spectrum of 2'-deoxyguanosine (dG) in 1 5% water-n-propanol mixture with that of dG in neat n-propanol. The spectra have been 
normalized at their peaks. A similar spectrum was also obtained for the 8% water 
solution. 
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The fluorescence spectrum of dG in 8% water-isobutanol mixture is very similar 
to that in neat isobutanol (Fig. 111-81 ). Further addition of water, 12%, significantly 
enhances the fluorescence peak intensity, by a factor of 1 .4 ± 0.1 compared to that in neat 
isobutanol (Fig. 111-81 ), but with little effect on the wavelength of the spectral peak. The 
latter is also the case for the width of the spectrum (Fig. 111-81 ). The absorption shows 
only a small change upon addition of water (Fig. 111-82 ). 
2'-Deoxythymidine (dT) 
For 2 '-deoxythymidine {dT), the present phenomenon (i.e. the dependence of the 
fluorescence parameters on the method of solution preparation) is not observed for any of 
the solvents used in the present study. We have observed changes in the shapes and in 
the intensities of the fluorescence spectra upon increasing the water content in the 
aqueous mixtures of the organic solvents used in the present study (n-butanol, 
acetonitrile, methanol, isopropanol, n-propanol, and isobutanol). These changes are 
described below. 
For aqueous mixtures of dT in n-butanol (Fig. 111-83 ), small amounts of water, 
3% (onset of the changes) to 8%, results in fluorescence enhancement, by a factor of 
~ 1 .3 for the 8% solution, accompanied by a slight shift of the spectral peak to shorter 
wavelengths (Fig. 111-83 ), which reaches ~ 4 nm for the 8 %  solution, and a small 
broadening in the spectrum by ~ 520 cm·1 for the 8% solution {Table 111-7). Larger 
amounts of water, 12% and 15 %, results in a slight fluorescence quenching accompanied 
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Figure 111-81. Fluorescence spectra of 2'-deoxyguanosine (dG) in isobutanol aqueous mixtures with water contents of 8% and 12%. Also shown are the spectra in neat 
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Figure III-82. Comparison of the absorption spectrum of2'-deoxyguanosine (dG) in 12% 
water-isobutanol mixtures with that of dG in neat methanol. The spectra have been 
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Figure III-83. Fluorescence spectra of 2'-deoxythymidine (dT) in n-butanol aqueous 
mixtures with water contents of 3%, 8%, 12%, and 1 5%. Also shown are the spectra in neat n-butanol and water. 
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Tab le III-7 .  Fluorescence spectral parameters of 2 '-deoxythymidine ( dT) in aqueous 
mixtures of n-butanol, acetonitrile, methanol, isopropanol, n-propanol, and isobutanol 
with water contents of 8% and 15%: the ratio f of the peak intensity for the aqueous 
mixture to that for the neat organic solvent, the wavelength of the fluorescence spectral 
peak AP ( in nm), and the full-width-at-half-maximum FWHM (in cm·
1
) . For dT in 
water, AP = 334 ± 2 nm and FWHM = 5210 ± 250 cm·
1
• 
0% water 8 %  water 15% water 
solvent f AP FWHM f AP FWHM f AP FWHM 
(nm) (cm· 1) (nm) (cm·1) (nm) (cm· 1) 
n-Butanol I 330 4700 1 .3 326 5220 0.9 334 4400 
Acetonitrile I 320 4720 I . I  325 5100 1 .1 328 5610 
Methanol 1 334 4950 1 .1 333 4960 1 .4 337 4860 
Isopropanol 1 328 5100 1 .2 331 5210 1 .4 330 5230 
n-Propanol 1 329 5120 1 .4 329 5560 1 .4 333 5570 
Isobutanol I 329 4430 0.9 327 4880 I . l a 326 a 4860 a 
a Due to the low solubility of water in isobutanol, about 14 % (Marcus, 1998 ), the 
maximum amount of water added in this alcohol was 12%. 
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by a slight shift of the spectral peak to longer wavelengths , ~ 4 nm for the 15 % solution 
(Fig. III-83). While the width of the spectrum for the 12% solution is not different from 
that of the 8% solution, the spectrum of the 15 % solution is considerably narrower than 
that of the 8% solution by ~ 820 ± 300 cm· 1 (Table III-7). No significant changes are 
observed in the absorption spectrum of dT in n-butanol upon addition of water (Fig. 
III-84). 
For dT in aqueous mixtures of acetonitrile, a small fluorescence enhancement by 
a factor of ~ 1.2 ± 0.1 is observed for both the 8% and 15% solutions (Fig. III-85) which 
is accompanied by shifts to longer wavelengths by ~ 5 nm and 8 nm, respectively (Fig. 
III-85). While addition of 8% of water has little effect on the shape of the spectrum, the 
spectrum for the 15% solution is significantly broader than that in neat acetonitrile by ~ 
900 ± 300 cm· 1 (Table III-7). The absorption spectrum of dT in acetonitrile is slightly 
shifted to longer wavelengths upon water addition; the shift is by ~ 2 nm for the 15% 
solution (Fig. III-86). 
For solutions of dT in water-methanol mixtures, in the range of 8% - 15% water 
contents, a progressive fluorescence enhancement is observed that reaches a factor of 
~ 1.4 ± 0.1 for the 15% solution (Fig. III-87). No significant changes are observed in 
either the wavelength of the spectral peak or in the width of the spectra (Fig. III-87). 
Interestingly, the spectrum for the 15% solution is seen to be very similar in intensity and 
shape to that in pure water, with a shift of the wavelength of the spectra peak to longer 
wavelengths by only 3 nm (Fig. III-87). This finding strongly suggests that the solvent 
bulk properties do not affect significantly the spectral properties of dT. (This will be 
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Figure III-84. Comparison of the absorption spectrum of 2'-deoxythymidine (dT) in 1 5% 
water-n-butanol mixture with that of dT in neat n-butanol. The spectra have been 
normalized at their peaks. A similar spectrum was also obtained for the 3%, 8%, and 
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I Figure III-85. Fluorescence spectra of 2'-deoxythymidine (dT) in acetonitrile aqueous 
mixtures with water contents of 8% and 1 5%. Also shown are the spectra in neat 
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Figure 111-86. Comparison of the absorption spectrum of 2'-deoxythymidine (dT) in1 5% 
water-acetonitrile mixture with that of dT in neat acetonitrile. The spectra have been 
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Figure III-87 . Fluorescence spectra of 2'-deoxythymidine (dT) in methanol aqueous 
mixtures with water contents of 8 %  and 15%. Also shown are the spectra in neat 
methanol and water. 
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properties. The absorption spectrum of dT in methanol is not affected upon water 
addition (Fig. III-88). 
In the case of isopropanol aqueous mixtures, a fluorescence enhancement is 
observed as the water content is increased: this enhancement is by a factors of ~ 1.4 ± 0.1 
for the 15% solution (Fig. III-89). However, the spectral width and the wavelength of the 
spectral peak are not significantly altered (Fig. III-89). This is also the case for the 
absorption spectrum (Fig. III-90). 
The spectra for dT in 8% and 15% water-n-propanol solutions are very similar in 
intensity and in shape (Fig. III-91) with the fluorescence peak intensity being enhanced 
by a factor of ~ 1.4 ± 0.1 as compared to that in neat n-propanol (Fig. III-91). However, 
while addition of 8% water does not alter the position of the spectral peak, addition of 
more water,15%, shifts it to longer wavelengths by ~ 4 nm (Fig. III-91). The absorption 
of dT in n-propanol does not change significantly upon water addition (Fig. III-92). 
For aqueous mixtures of dT in isobutanol (Fig. III-93), addition of water, 8% and 
12%, slightly broadens the fluorescence spectra by ~ 450 cm· 1 (Table III-7) and slightly 
shifts the wavelengths of their peaks to shorter wavelengths relative to the spectrum in 
neat isobutanol (Fig. III-93). Whereas the fluorescence peak intensity is slightly 
quenched for the 8% solution, for the 12% solution it is slightly enhanced (Fig. III-93). 
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Figure 111-88. Comparison of the absorption spectrum of 2'-deoxythymidine (dT) in 1 5% 
water-methanol mixture with that of dT in neat methanol. The spectra have been 
normalized at their peaks. A similar spectrum was also obtained for the 8% water 
solution. 
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Figure III-89. Fluorescence spectra of 2'-deoxythymidine (dT) in isopropanol aqueous 
mixtures with water contents of 8% and 1 5%. Also shown are the spectra in neat 
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Figure III-90. Comparison of the absorption spectrum of 2'-deoxythymidine {dT) in 1 5% 
water-isopropanol mixture with that of dT in neat isopropanol. The spectra have been 
normalized at their peaks. A similar spectrum was also obtained for the 8% water 
solution. 
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Figure 111-91. Fluorescence spectra of 2'-deoxythymidine (dT) in n-propanol aqueous 
mixtures with water contents of 8% and 1 5%. Also shown are the spectra in neat 
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Figure 111-92. Comparison of the absorption spectrum of 2 '-deoxythymidine (dT) in 15% 
water-n-propanol mixture with that of dT in neat n-propanol. The spectra have been 
normalized at their peaks. A similar spectrum was also obtained for the 8% water 
solution. 
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Figure III-93. Fluorescence spectra of2'-deoxythymidine (dT) in isobutanol aqueous 
mixtures with water contents of 8% and 12%. Also shown are the spectra in neat 
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Figure 111-94. Comparison of the absorption spectrum of 2'-deoxythymidine (dT) in 12% 
water-isobutanol mixture with that of dT in neat isobutanol. The spectra have been 




The fluorescence spectral properties for 2 '-deoxycytidine (dC), the other 
pyrimidine, in water-organic solvent mixtures have also been found in the present study 
to be independent of the method of solution preparation. In water-n-butanol mixtures, a 
small fluorescence quenching is observed for the 15 % solution, by a factor of ~ 1 .1 ± 0.1 ,  
whereas no change in the fluorescence intensity is observed for the 8% solution (Fig. 
111-95 ). No significant changes are observed in either the shape of the spectrum or in the 
wavelength of the its peak (Fig. 111-95 ) neither for the 8% or the 15 % solution. The first 
absorption band of dC is slightly narrower and is shifted slightly to shorter wavelengths 
for the 15% water solution compared to that in neat n-butanol (Fig. 111-96 ). For dC in 
acetonitrile aqueous mixtures (Fig. 111-97), a fluorescence enhancement is observed 
which progressively increases as the percentage of water is increased: this increase is by 
a factor of ~ 1 .3 ± 0.1 for the 15% solution (Fig. 111-97). While the spectrum for the 8% 
water solution is not different in shape from that in neat acetonitrile, the 15% spectrum is 
slightly narrower, by ~ 400 cm- 1 {Table 111-8), and is accompanied by a shift of its peak to 
shorter wavelength of ~ 5 nm. This is also the case for the absorption spectrum for the 
15% solution, with a shift of ~ 2 nm to shorter wavelengths (Fig. 111-98). 
In the case of methanol aqueous mixtures, fluorescence enhancement factors of ~ 
1 .2 ± 0.1 and 1 .3 ± 0.1 are observed for the 8% and the 15% solutions, respectively, but 
with no significant changes in the shapes of the spectra from that in neat methanol (Fig. 
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Figure III-95. Fluorescence spectra of 2'-deoxycytidine (dC) in n-butanol aqueous 
mixtures with water contents of 8% and 1 5%. Also shown are the spectra in neat 
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Figure III-96. Comparison of the absorption spectrum of 2'-deoxycytidine (dC) in 1 5% 
water-n-butanol mixture with that of dC in neat n-butanol. The spectra have been 
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Figure 111-97. Fluorescence spectra of 2'-deoxycytidine (dC) in acetonitrile aqueous 
mixtures with water contents of 8% and 1 5%. Also shown are the spectra in neat 
acetonitrile and water. 
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Table IIl-8 .  Fluorescence spectral parameters of 2'-deoxycytidine (dC) in aqueous 
mixtures of n-butanol, acetonitrile, methanol, isopropanol, n-propanol, and isobutanol 
with water contents of 8% and 1 5%: the ratio/ of the peak intensity for the aqueous 
mixture to that for the neat organic solvent, the wavelength of the fluorescence spectral 
peak AP (in nm), and the full-width-at-half-maximum FWHM (in cm·
1). For de in water, 
AP = 3 1 9  ± 2 nm and FWHM = 4380 ± 270 cm·
1• 
0% water 8% water 1 5% water 
solvent f AP FWHM f AP FWHM f AP FWHM 
(nm) (cm·1) (run) (cm·1) (nm) (cm·1) 
n-Butanol I 3 1 5  4370 1 .0 3 1 5  4640 0.9 3 1 5  4460 
Acetonitrile I 326 5490 I . I  327 5410  1 .2 32 1 5 1 00 
Methanol I 323 4360 1 .2 323 4490 1 .3 324 4450 
lsopropanol I 326 46 10  1 .2 326 4540 1 .4 327 4380 
n-Propanol I 336 4090 2.0 337 4 1 80 2.8 342 6 170 
lsobutanol I 32 1 3860 0.9 324 4 170 1 .2 a 3 1 9  a 3820 8 
a Due to the low solubility of water in isobutanol, about 14% (Marcus, 1998), the 
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Figure Ill-98. Comparison of the absorption spectrum of 2'-deoxycytidine (dC) in15% 
water-acetonitrile mixture with that of dC in neat acetonitrile. The spectra have been 
normalized at their peaks. A similar spectrum was also obtained for the 8% water 
solution. 
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Figure 111-99. Fluorescence spectra of 2'-deoxycytidine (dC) in methanol aqueous 
mixtures with water contents of 8% and 1 5%. Also shown are the spectra in neat 
methanol and water. 
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440 
wavelengths by ~ 2 nm relative to that in neat methanol (Fig. III- I 00). 
For dC in isopropanol aqueous mixtures, a progressive enhancement in the 
fluorescence intensity is observed with increasing the content of water (Fig. III-101 ): this 
enhancement is by a factor of ~ 1.4 ± 0.1 for the 15% solution. However, no significant 
changes are observed in either the widths of the spectra or in the wavelength of their 
peaks (Fig. III-I O  I ) . As is the case for n-butanol, the absorption spectrum of dC in 
isopropanol is slightly shifted to shorter wavelengths and is slightly narrower (Fig. 
III-102 ). 
For dC in aqueous mixtures with n-propanol, (Fig. III-103), a substantial and 
progressive enhancement in the fluorescence intensity is observed upon increasing the 
water content: by factors of ~ 2.0 ± 0.2 for the 8% solution and ~ 2.8 ± 0.3 for the 15 % 
solution (Fig. III-103). The spectrum of the 8% solution is not very different in shape or 
in the wavelength of its peak from that in neat n-propanol (Fig. III-103). However, the 
spectrum for the 15 % solution is significantly broader (Fig. III-103), with an FWHM 
value of 6170 ± 240 cm· 1 compared to that of 4090 ± 250 cm· 1 for the spectrum in neat n­
propanol, and with the spectral peak being shifted to longer wavelengths by ~ 6 nm . 
relative to the spectrum in neat n-propanol (Table III-8 ). It is to be noted here that the 
peak intensity of the fluorescence spectrum of the 15% solution is very similar to that in 
water (Fig. III-103). This is most likely the result of the strong hydration of dC. It also 
suggests that specific rather than solvent bulk effects are mainly responsible for the 
fluorescing ability of dC. (This point is further elaborated upon in Chapter 4.) The 
absorption spectrum of dC in n-propanol, as is the case for those in n-butanol and 
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Figure III- 100. Comparison of the absorption spectrum of 2'-deoxycytidine (dC) in 1 5% 
water-methanol mixture with that of dC in neat methanol . The spectra have been 
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Figure 111-101. Fluorescence spectra of 2'-deoxycytidine (dC) in isopropanol aqueous 
mixtures with water contents of 8% and 15%. Also shown are the spectra in neat 
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Figure 111- 1 02. Comparison of the absorption spectrum of2'-deoxycytidine (dC) in 15% 
water-isopropanol mixture with that of dC in neat isopropanol. The spectra have been 
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Figure 111-103. Fluorescence spectra of 2'-deoxycytidine (dC) in n-propanol aqueous 
mixtures with water contents of 8% and 1 5%. Also shown are the spectra in neat 
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Figure III- 1 04. Comparison of the absorption spectrum of 2'-deoxycytidine (dC) in 1 5% 
water-n-propanol mixture with that of dC in neat n-propanol .  The spectra have been 
normalized at their peaks. A similar spectrum was also obtained for the 8% water 
solution. 
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For aqueous mixtures of dC in isobutanol, addition of 8% water slightly quenches 
the intensity of the fluorescence peak and shifts its position slightly to longer 
wavelengths by ~ 3 nm (Fig. III- 105). Further addition of water, 12%, enhances the 
fluorescence peak intensity by ~ 1 .2 ± 0.1 and slightly shifts its position to shorter 
wavelengths (Fig. III-105). No significant changes are observed in the widths of the 
spectra for neither the 8% or the 12% solutions (Fig. III-105). Upon water addition (Fig. 
III- I 06), the absorption spectrum of dC in isobutanol is slightly shifted to shorter 
wavelengths, as is the case for its solution in other alcohols. 
Disruption of the Hydration/Solvation Network 
Around the Purines 
In order to gain insights into the thermodynamics of the disruption of the 
hydration/solvation network around the purines in n-butanol and acetonitrile aqueous 
mixtures, for which the spectra are dependent on the method of solution preparation, 
measurements of the fluorescence spectra for solutions that were heated for about 20 
minutes and allowed to cool to room temperature are carried out. Incubation 
temperatures ranging from 28 °C to 49 °C for n-butanol aqueous mixtures and up to 55 °C 
in acetonitrile aqueous mixtures were used. Figures III- 107 - III-118 show the 
fluorescence spectra of dA in aqueous mixtures of n-butanol and acetonitrile that 
contained 8% or 15% water for "carry its own water", "injected water", and "premixed" 
solutions. The spectral parameters for these solutions are listed in Tables III-9 and III- IO 
for n-butanol and acetonitrile aqueous solutions, respectively. Similar plots for the other 
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Figure III- 105.  Fluorescence spectra of 2'-deoxycytidine (dC) in isobutanol aqueous 
mixtures with water contents of 8% and 12%. Also shown are the spectra in neat 
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Figure III-106. Comparison of the absorption spectrum of 2 '-deoxycytidine (dC) in 12% 
water-isobutanol mixture with that of dC in neat isobutanol. The spectra have been 
normalized at their peaks. A similar spectrum was also obtained for the 8 %  water 
solution. 
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Figure 111-107. Fluorescence spectra of 2'-deoxyadenosine (dA) in 8% "carry its own 
water" solutions in n-butanol that were heated to 32 °C, 37 °C, 42 °C, or 49 °C for 20 
minutes. The solutions were allowed to cool to room temperature before the 
fluorescence spectra were measured. Also shown is the spectrum of the unheated 
solution (T = 22 °C). 
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Figure III- 1 08. Fluorescence spectra of 2'-deoxyadenosine (dA) in 8% "injected water" 
solutions in n-butanol that were heated to 32 °C, 37 °C, 42 °C, or 49 °C for 20 minutes. 
The solutions were allowed to cool to room temperature before the fluorescence spectra 
were measured. Also shown is the spectrum of the unheated solution {T = 22 °C). 
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Figure III- 109. Fluorescence spectra of2'-deoxyadenosine (dA) in 8% "premixed" water 
solutions in n-butanol that were heated to 32 °C or 49 °C for 20 minutes. The solutions 
were allowed to cool to room temperature before the fluorescence spectra were 
measured. Also shown is the spectrum of the unheated solution (T = 22 °C). 
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Figure IIT- 1 1 0. Fluorescence spectra of 2'-deoxyadenosine (dA) in 1 5% "carry its own 
water" solutions in n-butanol that were heated to 32 °C, 37 °C, 42 °C, or 49 °C for 20 
minutes. The solutions were allowed to cool to room temperature before the 
fluorescence spectra were measured. Also shown is the spectrum of the unheated 
solution (T = 22 °C). 
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Figure III- 1 1 1 . Fluorescence spectra of 2'-deoxyadenosine ( dA) in 1 5% "injected water" solutions in n-butanol that were heated to 32 °C, 3 7 °C, 42 °C, or 49 °C for 20 minutes. 
The solutions were allowed to cool to room temperature before the fluorescence spectra 
were measured. Also shown is the spectrum of the unheated solution (T = 22 °C). 
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Figure III- 1 12. Fluorescence spectra of 2'-deoxyadenosine (dA) in 1 5% "premixed" 
water solutions in n-butanol that were heated to 32 °C or 49 °C for 20 minutes . The 
solutions were allowed to cool to room temperature before the fluorescence spectra were 
measured. Also shown is the spectrum of the unheated solution (T = 22 °C). 
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Figure III-1 1 3. Fluorescence spectra of 2'-deoxyadenosine (d.A) in 8% "carry its own 
water" solutions in acetonitrile that were heated to 35 °C, 42 °C, 49 °C, or 55 °C for 20 
minutes. The solutions were allowed to cool to room temperature before the 
fluorescence spectra were measured. Also shown is the spectrum of the unheated 
solution (T = 22 °C). 
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Figure 111-114. Fluorescence spectra of 2'-deoxyadenosine (dA) in 8% "injected water" 
solution in acetonitrile that was heated to 55 °C for 20 minutes and that of the unheated 
solution (T = 22 °C). The heated solution was allowed to cool to room temperature 
before the fluorescence spectrum was measured. 
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Figure 111-1 1 5 .  Fluorescence spectra of 2'-deoxyadenosine (dA) in 8% "premixed" water 
solutions in acetonitrile that were heated to 35 °C, 42 °C, 49 °C, or 55  °C for 20 minutes. 
The solutions were allowed to cool to room temperature before the fluorescence spectra 
were measured. Also shown is the spectrum of the unheated solution (T = 22 °C). 
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Figure 111- 1 1 6. Fluorescence spectra of 2'-deoxyadenosine (dA) in 1 5% "carry its own 
water" solutions in acetonitrile that were heated to 35  °C, 42 °C, 49 °C, or 55 °C for 20 
minutes. The solutions were allowed to cool to room temperature before the 
fluorescence spectra were measured. Also shown is the spectrum of the unheated 
solution (T = 22 °C). 
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Figure III- 1 1 7. Fluorescence spectra of 2'-deoxyadenosine ( d.A) in 1 5% "injected water" 
solutions in acetonitrile that was heated to 55 °C for 20 minutes and that of the unheated 
solution (T = 22 °C). The heated solution was allowed to cool to room temperature 
before the fluorescence spectrum was measured. 
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Figure 111- 1 18. Fluorescence spectra of 2'-deoxyadenosine (dA) in 15% "premixed" 
water solutions in acetonitrile that were heated to 35 °C, 42 °C, 49 °C, or 55 °C for 20 
minutes. The solutions were allowed to cool to room temperature before the 
fluorescence spectra were measured. Also shown is the spectrum of the unheated 
solution (T = 22 °C). 
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Table 111-9 . Fluorescence spectral parameters of 2 '-deoxyadenosine (d.A) in heated 
water-n-butanol mixtures, with water contents of 8% and 15%: the ratio h of the peak 
intensity for the heated solution to that for the unheated solution (T = 22 °C), the 
wavelength of the fluorescence spectral peak A
P 
(in nm), and the full-width-at-half­
maximum FWHM (in cm· 1). The solutions were heated for 20 minutes and allowed to 
cool to room temperature before measuring the fluorescence spectra. 




"carry its 8% 












FWHM 8 %  
(cm· 1) 15% 
h 8 %  
15% 
8 %  
"premixed" lP (nm) 15% 
FWHM 8 %  
(cm·1) 15% 
22 °C 32 °C 
1 1 .1 





1 1 .1 





1 1 .0 








c 42 °C 49 °c 
1 .2 1 .2 1 .4 
1 .2 1 .2 1 .3 
327 325 324 
329 328 328 
4400 4280 4510 
5420 4690 4750 
1 .1 1 .2 1 .3 
1 .2 1 .3 1 .4 
321 321 321 
324 324 326 
4330 4280 4580 







Table III-10. Fluorescence spectral parameters of 2'-deoxyadenosine (dA) in heated 
water-acetonitrile mixtures, with water contents of 8% and 15%: the ratio h of the peak 
intensity for the heated solution to that for the unheated solution {T = 22 °C), the 
wavelength of the fluorescence spectral peak A
P 
( in nm), and the full-width-at-half­
maximum FWHM (in cm·1). The solutions were heated for 20 minutes and allowed to 
cool to room temperature before measuring the fluorescence spectra. 
incubation temperature T 22 °c 35 °c 42 °C 49 °c 55 °c 
8% 1 1.3 1.4 1.5 1.8 
h 15% 1 1.3 1.3 1.5 1.8 
"carry its 8% 317 319 317 316 315 A
P 
(nm) own 15% 314 315 315 314 315 water" 
FWHM 8% 4490 4980 4370 4850 4550 
(cm· 1) 15% 3710 3910 3550 3630 3710 
8% 1 1.1 1.3 1.3 1.5 
h 15% 1 1.3 1.3 1.5 1.8 
8% 316 318 319 317 317 
"premixed" AP (run) 15% 314 315 315 313 312 
FWHM 8% 4130 4380 4360 4270 4680 
(cm·1) 15% 3850 3970 3710 3580 3780 
h 8% 1 1.0 
15% 1 1.0 
8% 309 310 "injected A
P 
(run) 15% 315 315 water" 
FWHM 8% 3150 3220 
(cm·1) 15% 3570 3610 
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purine, dG, are shown in Figs. 111-119 - 111-130 and their spectral parameters are listed in 
Tables 111-11 and 111-12. 
The observed changes in the spectra are mainly in the fluorescence peak intensity 
which, for most of the solutions, increases with increasing the incubation temperature 
(Tables 111-9 - 111-12). These changes are most likely the result of disrupting the 





fluorescence peak intensity, as a function of 1 /T, where T is the absolute incubation 
temperature, for the solutions in which the change (increase) in I
P 
with T is systematic 
are shown in Figs. 111-131- 111-144. The plots exhibit an Arrhenius behavior of the form 
I = I 
e - A EIRT 
p 0 
(111-2) 
where R is the gas constant = l .987x 10·3 kcal/mol·K, AB is the activation energy, and I0 
is a constant. The activation energies for the processes of disrupting the 
hydration/solvation networks around the purines are calculated using these plots (Figs. 
III-1 3 1 - III- 1 44) and the results are listed in Table (III-1 3). The implication of these 
results will be discussed later in Chapter 4. 
Solvent Effects 
Several changes, with varying degrees, in the fluorescence spectra of the 
nucleosides in neat solvents and in their aqueous mixtures have been observed. The 
188 
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Figure III-1 1 9. Fluorescence spectra of 2'-deoxyguanosine (dG) in 8% "carry its own 
water" solutions in n-butanol that were heated to 32 °C, 3 7 °C, 42 °C, or 49 °C for 20 
minutes. The solutions were allowed to cool to room temperature before the 
fluorescence spectra were measured. Also shown is the spectrum of the unheated 
solution (T = 22 °C). 
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Figure III- 120. Fluorescence spectra of 2'-deoxyguanosine (dG) in 8% "injected water" 
solutions in n-butanol that were heated to 32 °C, 37 °C, 42 °C, or 49 °C for 20 minutes. 
The solutions were allowed to cool to room temperature before the fluorescence spectra 
were measured. Also shown is the spectrum of the unheated solution (T = 22 °C). 
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Figure III-121 . Fluorescence spectra of 2'-deoxyguanosine (dG) in 8% "premixed" water solutions in n-butanol that were heated to 32 °C or 49 °C for 20 minutes. The solutions 
were allowed to cool to room temperature before the fluorescence spectra were 
measured. Also shown is the spectrum of the unheated solution (T = 22 °C). 
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Figure III-122 . Fluorescence spectra of2'-deoxyguanosine (dG) in 15% "carry its own 
water" solutions in n-butanol that were heated to 32 °C, 37 °C, 42 °C, or 49 °C for 20 
minutes. The solutions were allowed to cool to room temperature before the 
fluorescence spectra were measured. Also shown is the spectrum of the unheated 
solution (T = 22 °C). 
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Figure 111- 123 .  Fluorescence spectra of 2'-deoxyguanosine (dG) in 1 5% "injected water" 
solutions in n-butanol that were heated to 32 °C, 37 °C, 42 °C, or 49 °C for 20 minutes. 
The solutions were allowed to cool to room _temperature before the fluorescence spectra 
were measured. Also shown is the spectrum of the unheated solution (T = 22 °C). 
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Figure 111-124. Fluorescence spectra of 2'-deoxyguanosine (dG) in 15% "premixed" 
water solutions in n-butanol that were heated to 32 °C, or 49 °C for 20 minutes. The 
solutions were allowed to cool to room temperature before the fluorescence spectra were 
measured. Also shown is the spectrum of the unheated solution {T = 22 °C). 
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Figure III- 125. Fluorescence spectra of 2'-deoxyguanosine (dG) in 8% "carry its own 
water" solutions in acetonitrile that were heated to 32 °C, 37 °C, 42 °C, or 49 °C for 20 
minutes. The solutions were allowed to cool to room temperature before the 
fluorescence spectra were measured. Also shown is the spectrum of the unheated 
solution (T = 22 °C). 
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Figure III- 1 26. Fluorescence spectra of 2'-deoxyguanosine (dG) in 8% "injected water" 
solutions in acetonitrile that were heated to 32 °C or 49 °C for 20 minutes. The solutions 
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Figure III- 1 27. Fluorescence spectra of 2'-deoxyguanosine (dG) in 8% "premixed" water 
solutions in acetonitrile that were heated to 32 °C or 49 °C for 20 minutes. The solutions 
were allowed to cool to room temperature before the fluorescence spectra were measured. Also shown is the spectrum of the unheated solution (T = 22 °C). 
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Figure III- 128. Fluorescence spectra of2'-deoxyguanosine (dG) in 1 5% "carry its own 
water" solutions in acetonitrile that were heated to 32 °C, 37 °C, 42 °C, or 49 °C for 20 
minutes. The solutions were allowed to cool to room temperature before the 
fluorescence spectra were measured. Also shown is the spectrum of the unheated 
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Figure III- 129. Fluorescence spectra of2'-deoxyguanosine (dG) in 1 5% "injected water" 
solutions in acetonitrile that were heated to 32 °C or 49 °C for 20 minutes. The solutions 
were allowed to cool to room temperature before the fluorescence spectra were 
measured. Also shown is the spectrum of the unheated solution (T = 22 °C). 
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Figure III-1 30. Fluorescence spectra of 2'-deoxyguanosine (dG) in 1 5% "premixed" 
water solutions in acetonitrile that were heated to 32 °C or 49 °C for 20 minutes. The 
solutions were allowed to cool to room temperature before the fluorescence spectra were 
measured. Also shown is the spectrum of the unheated solution (T = 22 °C). 
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Table 111- 1 1 .  Fluorescence spectral parameters of 2' -deoxyguanosine ( dG) in heated 
water-n-butanol mixtures, with water contents of 8% and 1 5%: the ratio IT of the peak 
intensity for the heated solution to that for the unheated solution (T = 22 °C), the 
wavelength of the fluorescence spectral peak A
P 
(in nm), and the 
full-width-at-two-third- maximum FWTTM (in cm· 1). The solutions were heated for 20 
minutes and allowed to cool to room temperature before measuring the fluorescence 
spectra. 
incubation temperature T 
8% 
1 5% 




own 1 5% 
water" 
FWTTM 8% 








1 5% water" 
FWTTM 8% 











22 °C 32 °C 
1 I . I  





1 1 . 1  
1 1 . 1  
3 1 7 320 
32 1 32 1 
3970 4 170 
471 0  4540 
1 0.9 
1 I . I  
3 17 3 19 
32 1 3 1 9  
4020 4880 
4650 49 1 0  
201 
31 °c 42 °c 49 °c 
1 .2 1 .3 1 .4 
1 . 1  1 .2 1 .2 
324 323 323 
322 321 32 1 
4440 40 10  3900 
5220 4830 4670 
1 . 1  1 .2 1 .3 
1 .2 1 .3 1 .4 
320 3 1 7 3 1 5  
321 322 32 1 
4 170 3920 38 10  
4540 4680 4 130 
1 . 1  
1 . 1  
3 1 6 
3 1 8  
4550 
4970 
Table III- 12. Fluorescence spectral parameters of 2'-deoxyguanosine (dG) in heated 
water-acetonitrile mixtures, with water contents of 8% and 1 5%: the ratio h of the peak 
intensity for the heated solution to that for the unheated solution {T = 22 °C), the 
wavelength of the fluorescence spectral peak A
P 
( in nm), and the 
full-width-at-two-third- maximum FWTTM (in cm·1 ). The solutions were heated for 20 
minutes and allowed to cool to room temperature before measuring the fluorescence 
spectra. 
incubation temperature T 22 °c 32 °C 31 °c 42 °C 49 °c 
8% 1 1 . 1  1 .3 1 .3 1 .5 
h 
15% 1 1 .2 1 .2 1 .3 1 .3 
"carry its 8% 320 320 32 1 32 1 320 
own AP (nm) 1 5% 324 324 324 323 325 
water" 
FWTTM 8% 4370 4030 4060 3900 38 10  
(cm· 1) 1 5% 4410  4020 4440 4250 4090 
8% 1 1 .0 1 . 1  
h 
1 5% 1 1 . 1  1 . 1  
8% 3 1 5 3 1 5  3 1 5  
"premixed" AP (nm) 1 5% 320 320 320 
FWTTM 8% 3570 3600 3440 
(cm·1) 1 5% 3940 3930 3760 
h 
8% 1 1 . 1  0.9 
1 5% 1 1 . 1  1 . 1  




water" 1 5% 3 19 3 1 9  321  
FWTTM 8% 3550 3450 3870 
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Figure 111- 1 3 1 .  Plot of the natural logarithm of the fluorescence peak intensity In IP for the spectra of 2'-deoxyadenosine (dA) in 8% "carry its own water" solutions in n-butanol 
as a function of Irr, where T is the absolute incubation temperature, for the measurements described in the caption to Fig. III- 1 55. The solutions were allowed to 
cool to room temperature before the fluorescence spectra were measured. The bars 
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Figure 111-1 32. Plot of the natural logarithm of the fluorescence peak intensity In IP for the spectra of 2'-deoxyadenosine (dA) in 8% "injected water" solutions in n-butanol as a 
function of 1/f, where T is the absolute incubation temperature, for the measurements 
described in the caption to Fig. 111-1 56. The solutions were allowed to cool to room 
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Figure III-133 . Plot of the natural logarithm of the fluorescence peak intensity In I
P 
for 
the spectra of 2'-deoxyadenosine (dA) in 15% "carry its own water" solutions in n­
butanol as a function of 1/T, where T is the absolute incubation temperature, for the 
measurements described in the caption to Fig. III-158 . The solutions were allowed to 
cool to room temperature before the fluorescence spectra were measured. The bars 
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Figure 111- 1 34 .  Plot of the natural logarithm of the fluorescence peak intensity In I
P 
for 
the spectra of 2'-deoxyadenosine (dA) in 15% "injected water" solutions in n-butanol as 
a function of 1 /T, where T is the absolute incubation temperature, for the measurements 
described in the caption to Fig. 111- 159 . The solutions were allowed to cool to room 
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Figure 111-135. Plot of the natural logarithm of the fluorescence peak intensity In I
P 
for 
the spectra of 2'-deoxyadenosine (d.A) in 8% "carry its own water" solutions in · 
acetonitrile as a function of lff, where T is the absolute incubation temperature, for the 
measurements described in the caption to Fig. 111-161. The solutions were allowed to 
cool to room temperature before the fluorescence spectra were measured. The bars 
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Figure III- 1 36. Plot of the natural logarithm of the fluorescence peak intensity In I
P 
for 
the spectra of 2'-deoxyadenosine (dA) in 8% "premixed" water solutions in acetonitrile 
as a function of 1/T, where T is the absolute incubation temperature, for the 
measurements described in the caption to Fig. 111- 163 .  The solutions were allowed to 
cool to room temperature before the fluorescence spectra were measured. The bars 
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Figure III-137. Plot of the natural logarithm of the fluorescence peak intensity In IP for 
the spectra of 2'-deoxyadenosine (dA) in 15% "carry its own water" solutions in 
acetonitrile as a function of 1/T, where T is the absolute incubation temperature, for the 
measurements described in the caption to Fig. III-164. The solutions were allowed to 
cool to room temperature before the fluorescence spectra were measured. The bars 
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Figure 111- 1 38. Plot of the natural logarithm of the fluorescence peak intensity In I
P 
for 
the spectra of 2'-deoxyadenosine ( dA) in 1 5% "premixed" water solutions in acetonitrile 
as a function of 1 /T, where T is the absolute incubation temperature, for the 
measurements described in the caption to Fig. IIl- 166. The solutions were allowed to 
cool to room temperature before the fluorescence spectra were measured. The bars 
indicate the standard deviation. 
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Figure 111- 1 39. Plot of the natural logarithm of the fluorescence peak intensity In I
P 
for 
the spectra of 2'-deoxyguanosine (dG) in 8% "carry its own water" solutions in n-butanol 
as a function of lff, where T is the absolute incubation temperature, for the 
measurements described in the caption to Fig. 111-1 67 . The solutions were allowed to 
cool to room temperature before the fluorescence spectra were measured. The bars 
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Figure III- 140. Plot of the natural logarithm of the fluorescence peak intensity In I
P 
for 
the spectra of 2'-deoxyguanosine ( dG) in 8% "injected water" solutions in n-butanol as a 
function of 1/T, where T is the absolute incubation temperature, for the measurements 
described in the caption to Fig. III- 168. The solutions were allowed to cool to room 
temperature before the fluorescence spectra were measured. The bars indicate the 
standard deviation. 









3 .40 ...__ __________ _.__........._ _ __._ ________ _ 
3.0 3.1 3.2 3 .3 3 .4 3.5 
l 000ff ( 1/K) 
Figure 111-141. Plot of the natural logarithm of the fluorescence peak intensity In I
P 
for 
the spectra of 2'-deoxyguanosine (dG) in 15% "carry its own water" solutions in 
n-butanol as a function of 1/T, where T is the absolute incubation temperature, for the 
measurements described in the caption to Fig. 111-170. The solutions were allowed to 
cool to room temperature before the fluorescence spectra were measured. The bars 
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Figure III- 142. Plot of the natural logarithm of the fluorescence peak intensity In I
P 
for 
the spectra of 2'-deoxyguanosine (dG) in 15% "injected water" solutions in n-butanol as a 
function of 1/T, where T is the absolute incubation temperature, for the measurements 
described in the caption to Fig. III- 1 7 1 .  The solutions were allowed to cool to room 
temperature before the fluorescence spectra were measured. The bars indicate the 
standard deviation. 
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Figure 111-143. Plot of the natural logarithm of the fluorescence peak intensity ln /
P 
for 
the spectra of 2'-deoxyguanosine (dG) in 8% "carry its own water" solutions in acetonitrile as a function of 1/T, where T is the absolute incubation temperature, for the measurements described in the caption to Fig. 111-173. The solutions were allowed to 
cool to room temperature before the fluorescence spectra were measured. The bars 
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Figure 111- 144. Plot of the natural logarithm of the fluorescence peak intensity In IP for 
the spectra of 2'-deoxyguanosine (dG) in 1 5% "carry its own water" solutions in 
acetonitrile as a function of 1/f, where T is the absolute incubation temperature, for the 
measurements described in the caption to Fig. 111- 1 76. The solutions were allowed to 
cool to room temperature before the fluorescence spectra were measured. The bars 
indicate the standard deviation. 
2 16  
3 .5 
Table IIl-13. Activation energies �E (in kcaVmol) for purines in aqueous mixtures of 
acetonitrile and n-butanol with water contents of 8% and 15%. 
dA dG 
Method of acetonitrile n-butanol acetonitrile n-butanol 
solution 
preparation 8% 15% 8% 15% 8% 15% 8% 15% 
"carry its own 3.4 3.2 2.0 1.9 2.9 1.9 2.5 1.4 
water" 
(0.5)8 (0.5) (0.4) (0.4) (0.6) (0.5) (0.5) (0.4) 
"injected water" b 1.5 2.1 2.1 2.5 




a Values in parentheses represent the uncertainty in �E (±). 
h A dash indicates that the changes in the fluorescence intensity were too small to allow 
the construction of a meaningful Arrhenius plot, from which �E would be calculated. 
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question then arises: what are the causes for such changes? In this section we seek an 
answer to this question by considering the effects of the solvent properties on the 
fluorescence parameters of the four nucleosides used in the present study. Table-111- 14 
lists some physical properties of the solvents used: acetonitrile, n-butanol, methanol, 
isopropanol, n-propanol, and isobutanol. The fluorescence spectra of the nucleosides in 
these organic solvents are shown in Figs. 111- 145 - 111- 148, and the corresponding spectral 
parameters are listed in Tables 111- 1 5  - 111- 1 8 . Also listed in these tables are the 
parameters for the absorption spectra, which were shown above. 
We will first inquire about the shifts in the wavelengths of the spectral peaks. 
These may be the result of the following interactions (Reichardt, 1 988): (i) solvent 
polarity, (ii) solvent polarizability, or (iii) specific. Since shifts in the fluorescence 
maxima might be related to shifts in the absorption maxima (see Eq. 111-3 below), the 
difference in the peak wavelengths between the absorption and the fluorescence spectra, 
rather than just the fluorescence peak, is investigated. Moreover, differences in the 
wavenumbers (I/wavelength), rather than wavelengths, are often used because of the 
proportionality between energy and wavenumber. A simplified theory, in which the 
solvent is regarded as a continuum, predicts that the difference between the wavenumbers 
of the maxima of the absorption and fluorescence spectra ( v 
O 
- v 1 ) depends on the 
refractive index n and the dielectric constant e of the solvent in the form (Birks, 1 970) 
- - 2(µg - Pe ) 2 ( 6 - 1 
Va - V I  = hca 3 26 + 1 
n2 - 1 )  
2n2 + 1 + constant (111-3) 
Here, Pg and Pe are the pennanent dipole moments of the ground and excited states, 
2 1 8  
Table 111-14. Values of the dielectric constant e, the polarizability ex (in A3), the dipole moment µ (in D), the refractive index n, the empirical parameter of solvent polarity E [ 
and the Lippert' s  function a/for the solvents used in the present study. 
Solvent e a ex (.A.3) a µ (D) a n a E N b T fJ.f C 
Water 80.1 1 .45 1 .86 1 .333 1 0.320 
Acetonitrile 36.6 4.40 3.93 1.344 0.46 0.305 
Methanol 33.0 3.29 1.7 1 .378 0.762 0.309 
n-Propanol 20.8 6.70 1 .55 1 .385 0.61 7 0.275 
Isopropanol 20.2 7.61 1 .58 1.378 0.546 0.277 
lsobutanol 17.9 8.90 1 .64 1 .396 0.552 0.266 
n-Butanol 17.8 8 .88 1 .66 1 .385 0.586 0.264 
a source: Lide, D. R. 2000. Handbook of Chemistry and Physics. 81st edition, CRC Press, Boca Raton, FL. 
b Source: Marcus, Y. 1 998. The properties of solvents. Wiley series in solution 
chemistry. Vol.4. P. G. T. Fogg, editor. John Wiley & Sons. Chichester, UK. 
c The values of the Lipperts function were calculated form the bracketed function in 
Eq. 111-3, i. e. !J.f= {(e-1)/(2e+l)-(n2 - l )/(2n2 +1) } 
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Figure 111- 1 45 .  Fluorescence spectra of 2'-deoxyadenosine (dA) in the organic solvents 
used in the present study and in water. 
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Figure III-146. Fluorescence spectra of 2' -deoxyguanosine ( dG) in the organic solvents 
used in the present study and in water. 
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Figure III- 147. Fluorescence spectra of 2'-deoxythymidine (dT) in the organic solvents 
used in the present study and in water. 
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Figure III-148 . Fluorescence spectra of 2'-deoxycytidine (dC) in the organic solvents 
used in the present study and in water. 
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Table 111- 1 5 . Fluorescence and absorption spectral parameters for 2'-deoxyadenosine 
(dA) in the solvents used in the present study: the relative fluorescence quantum yield q, 
the wavelength of the fluorescence and absorption spectral peaks lp,f and lp,a , 
respectively, and the full-width-at-half-maximum of the fluorescence and absorption 
spectra, FWHMr and FWHMa , respectively. 
Solvent q lp,r lp,a FWHMr FWHMa 
(nm) (nm) (cm·1 ) (cm· 1 ) 
Water 1 3 1 9 260 4570 4470 
Acetonitrile 1 .4 3 1 0 258 3430 4570 
Methanol 1 .4 3 1 5  260 4240 4520 
n-Propanol 0.7 322 260 4850 4470 
Isopropanol 1 .3 320 260 4300 4520 
Isobutanol 1 .0 3 1 8  26 1 4 130  4440 
n-Butanol 1 .4 322 26 1 4530  4520 
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Table 111-16. Fluorescence and absorption spectral parameters for 2'-deoxyguanosine 
( dG) in the solvents used in the present study: the relative fluorescence quantum yield q, 




,a , respectively, the full-at-two-third-maximum for the fluorescence and absorption spectra, 
FWTTMr and FWTTMa , respectively, and the fluorescence spectrum tail-to-peak-ratio y .  
Solvent q l
p
,r lp,a FWTTMr FWTTMa y (nm) (nm) (cm·1) (cm· 1) 
Water 1 327 252 5040 4980 0.36 
Acetonitrile 1.2 317 254 4160 4710 0.38 
Methanol 1.0 329 254 4290 4710 0.33 
n-Propanol 1.4 324 255 4690 4710 0.49 
lsopropanol 1.7 333 255 4950 4710 0.53 
Isobutanol 1.8 324 256 4690 4750 a 
n-Butanol 2.0 319 255 4150 4850 0.25 
a y could not be determined in this solvent because of relatively high impurity 
fluorescence at l = 460 nm. 
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Table III- 1 7. Fluorescence and absorption spectral parameters for 2'-deoxythymidine 
( dT) in the solvents used in the present study: the relative fluorescence quantum yield q, 
the wavelength of the fluorescence and absorption spectral peaks "-p,r and "-p,a , respectively, and the full-width-at-half-maximum for the fluorescence and absorption 
spectra, FWHMr and FWHMa , respectively. 
Solvent q "-p,f "-p,a FWHMr FWHMa (nm) (nm) (cm-1) (cm-1 ) 
Water 1 334 267 521 0  4970 
Acetonitrile 0.7 320 265 4720 4880 
Methanol 0.7 334 267 4950 4970 
n-Propanol 0.9 329 267 5 120 4970 
Isopropanol 0.6 328 267 5 1 00 48 10  
Isobutanol 1 .2 329 267 4430 48 1 0  
n-Butanol 1 .2 330 267 4700 4970 
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Table 111-18. Fluorescence and absorption spectral parameters for 2'-deoxycytidine (dC) 
in the solvents used in the present study: the relative fluorescence quantum yield q, the 
wavelength of the fluorescence and absorption spectral peaks "'p.r and Ap,a , respectively, and the full-width-at-half-maximum for the fluorescence spectra FWHMr, The width of 
the absorption spectra could not be determined because of the strong overlap between the 
first two absorption bands. 
Solvent q "'p,r "'p,a FWHMr (nm) (nm) (cm· 1) 
Water 1 319 271 4380 
Acetonitrile 1.6 326 276 5490 
Methanol 1.0 323 274 4360 
n-Propanol 0.5 336 274 4090 
Isopropanol 0.8 326 274 4610 
Isobutanol 1.2 321 274 3860 
n-Butanol 2.0 315 274 4370 
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respectively, h is Planck's constant, c is the speed of light in vacuum, and a is the radius 
of the cavity in which the fluorophore resides. This is Lippert' s equation and the 
function in brackets is the Lippert's function A/. This function is taken to represent a 
macroscopic measure of the solvent polarity (Birks, 1 970). For nonpolar solvents e = n2 
and, hence, the bracketed function vanishes, whereas for polar solvents, A/ > 0 (Table 
111- 14). Figures 111- 149 - 111-52 show plots of the spectral shifts (va - v 1 ) as a 
function of A/ for the four nucleosides (dA, dG, dT, and dC). It is seen from these plots 
that there is no correlation between the spectral shifts and the solvent polarity expressed 
in terms of A/for any of the nucleosides. However, this finding alone does not rule out 
the role polarity might play in the observed spectral shifts, and other measures of polarity 
need to be considered (see below). 
Empirical scales for solvent polarity have been used in the literature due to the 
difficulty involved in defining it in terms of a single physical parameter of the solvent, 
such as its dipole moment or its dielectric constant (Reichardt, 1 994). Among them, 
the E;' scale (Table 111- 14) is the one most widely used (Suppan and Ghoneim, 1 997). 
Figures 111- 1 53 - 111- 1 56 show plots of the spectral shifts (va - v 1 ) as a function of E;' . 
It is seen from these figures that only the spectral shifts of dT have a good correlation 
with the empirical parameter of solvent polarity E{ , with the spectral shift increasing as 
the polarity increases (Fig. 111- 1 55). It is also observed that the spectral shifts of dG have 
the tendency to increase with increasing polarity, but the correlation is rather weak (Fig. 
111- 1 54). With regard to polarizability effects on the spectral shifts, the plots in Figs. 
111- 1 57 - 111- 1 60 find no correlation. As for specific effects, shifts to shorter wavelengths 
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Figure 111- 149. Plot of the difference between the wavenumbers of the maxima of the 
absorption and fluorescence spectra ( v 
O 
- v 1 ) of 2'-deoxyadenosine ( dA) as a function 
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Figure III- 1 50. Plot of the difference between the wavenumbers of the maxima of the 
absorption and fluorescence spectra ( v O - v 1 ) of 2'-deoxyguanosine ( dG) as a function 
of the solvent polarity according to Lippert's function Af. The bars indicate the standard 
deviation. 
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Figure 111-1 51. Plot of the difference between the wavenumbers of the maxima of the 
absorption and fluorescence spectra (v a - v f )  of 2'-deoxythymidine {dT) as a function 
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Figure III-152. Plot of the difference between the wavenumbers of the maxima of the 
absorption and fluorescence spectra ( v O - v 1 ) of 2'-deoxycytidine ( dC) as a function of 
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Figure III- 1 53 .  Plot of the difference between the wavenumbers of the maxima of the 
absorption and fluorescence spectra (va - v 1 ) of 2'-deoxyadenosine (dA) as a function 
of the empirical parameter of solvent polarity E { . The bars indicate the standard 
deviation. 
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Figure 111-1 54. Plot of the difference between the wavenumbers of the maxima of the 
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Figure 111-1 55 .  Plot of the difference between the wavenumbers of the maxima of the 
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Figure III- 1 56. Plot of the difference between the wavenumbers of the maxima of the 
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Figure III-157 . Plot of the difference between the wavenumbers of the maxima of the 
absorption and fluorescence spectra (v O - v 1 ) of 2'-deoxyadenosine (dA) as a function 
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Figure 111- 1 58.  Plot of  the difference between the wavenumbers of the maxima of the 
absorption and fluorescence spectra(va - v 1 ) of 2'-deoxyguanosine (dG) as a function 
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Figure III- 1 59. Plot of the difference between the wavenumbers of the maxima of the 
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Figure 111-160. Plot of the difference between the wavenumbers of the maxima of the 
absorption and fluorescence spectra (v a - v 1 ) of 2'-deoxycytidine (dC) as a function of the solvent polarizability a. The bars indicate the standard deviation. 
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hydrogen bond is greater in the ground electronic state than in the excited state (Pimentel, 
1957; Georghiou, 1981). On the other hand, shifts to longer wavelengths correspond to 
stronger hydrogen bond in the excited state. Unfortunately, none of the nucleosides is 
soluble in nonhydrogen bonding solvents ( e.g. hexane), and this does not allow 
conclusions to be drawn regarding the change in the strength of hydrogen bonding 
following electronic excitation. 
We now shift our attention to solvent effects on the fluorescence quantum yield. 
On the basis of plots for the quantum yields (Fig. 111-161 - 111-172) similar to those for 
the spectral shifts (Fig. 111-149 - 111-160), the following observations are made. The 
quantum yield of dG decreases with increasing polarity, according to both the Lippert's  
function A/(Fig. 111-162) and the empirical parameter of solvent polarity E{ (Fig. 
111-166), with the plots exhibiting a fair correlation. However, the value for acetonitrile 
in Fig. 111-166 exhibits considerable deviation from the fit; a similar observation was 
previously made for dT and was attributed to an intrinsic underestimation of the value of 
E{ for this solvent (Georghiou and Gerke, 1996). There is no correlation between the 
quantum yield and the polarity for any of the other nucleosides (Figs. 111-161, 111-163 
- 111-165, and 111-167 - 111-168). With regard to polarizability effects on the quantum 
yield, a good correlation is found for dG as shown in (Fig. 111-170) with the quantum 
yield increasing as the polarizability increases. A rather weak correlation is observed for 
dT (Fig. 111-171), and no correlation is observed for either dC or dA. We also inquired 
about a correlation between the empirical parameter of solvent polarity E { and the 
polarizability. As can be seen from Fig. 111-173, E{ tends to decrease as the 
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Figure III-16 1 .  Plot of the relative fluorescence quantum yield q of 2'-deoxyadenosine 
(dA) as a function of the solvent polarity according to Lippert's function aj The bars · 
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Figure 111-162. Plot of the relative fluorescence quantum yield q of2'-deoxyguanosine (dG) as a function of the solvent polarity according to Lippert's function ll.f The bars 
indicate the standard deviation. 
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Figure III- 1 63. Plot of the relative fluorescence quantum yield q of 2'-deoxythymidine 
(dT) as a function of the solvent polarity according to Lippert's function t:,.f. The bars 

























0.26 0.28 0.30 0.32 0.34 
Lippert's Function (4/) 
Figure III-164. Plot of the relative fluorescence quantum yield q of 2'-deoxycytidine 
(dC) as a function of the solvent polarity according to Lippert's function t:..f The bars 
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Figure 111-165. Plot of the relative fluorescence quantum yield q of 2'-deoxyadenosine 
(dA) as a function of the empirical parameter of solvent polarity E{ . The bars indicate 
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Figure III- 166. Plot of the relative fluorescence quantum yield q of 2'-deoxyguanosine 
( dG) as a function of the empirical parameter of solvent polarity E; . The bars indicate 
the standard deviation. 
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Figure 111- 167. Plot of the relative fluorescence quantum yield q of2'-deoxythymidine 
( dT) as a function of the empirical parameter of solvent polarity E { . The bars indicate 
the standard deviation. 
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Figure 111-168. Plot of the relative fluorescence quantum yield q of2'-deoxycytidine 
( dC) as a function of the empirical parameter of solvent polarity E ;' . The bars indicate 
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Figure 111-1 q9. Plot of the relative fluorescence quantum yield q of 2'-deoxyadenosine 
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Figure 111-170. Plot of the relative fluorescence quantum yield q of 2'-deoxyguanosine 
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Figure 111-171. Plot of the relative fluorescence quantum yield q of 2'-deoxythymidine 
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Figure 111-172. Plot of the relative fluorescence quantum yield q of 2'-deoxythymidine 

















Figure 111-173. A plot of the empirical parameter of solvent polarity E { as a function of 
the solvent polarizability a. 
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of these two parameters can be considered to operate independently. Hydrogen bonding 
effects on the quantum yield are also expected, but the quantification of these effects is 
known to be in general not straightforward (Mataga and Kubota, 1970). 
We have also inquired as to whether there is a correlation between the tail in the 
fluorescence spectra of dG and the solvent properties. Figures III-17 4 - III-17 6 show 
plots of the tail-to-peak-ratio y as a function of the Lippert's function, the empirical 
parameter of solvent polarity E{ , and the polarizability a. It is seen from Figs. II1-174 
and II1-176 that y exhibits a good correlation with the solvent polarity according to 
Lippert 's function (but not according to E{ (Fig. II1-175)) and the solvent polarizability 
( with y decreasing as fl/is increased and increasing as a is increased), with the value in 
n-butanol exhibiting a significant deviation from the fit in both plots. The trends 
observed in these two figures are similar to those observed for the quantum yield (Figs. 
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Figure III-17 4. Plot of the tail-to-peak ratio y of the fluorescence spectrum of 
2'-deoxyguanosine (dG) as a function of the solvent polarity according to Lippert's 






















Figure III-175. Plot of the tail-to-peak ratio y of the fluorescence spectrum of 2'-deoxyguanosine (dG) as a function of the empirical parameter of solvent polarity E{ 
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Figure III- 1 76. Plot of the tail-to-peak ratio y of the fluorescence spectrum of 
2'-deoxyguanosine (dG) as a function of the solvent polarizability ex. The bars indicate 




Solvation plays an important role in the function of DNA, and thus there is 
considerable interest in understanding the solvation networks of its constituent 
components. This is particularly important when studying the closing of open base pairs, 
whose hydrogen bonds have been disrupted as a result of structural fluctuations. The 
open base, which was previously shielded from its environment, can undergo different 
interactions with its heterogeneous environment which include polar as well as nonpolar 
interactions. The question then arises: how do the open bases interact with such an 
environment and to what extent do these interactions affect the closing of these bases? It 
is rather difficult to obtain a direct answer to such a complicated problem, and it is even 
harder to do so using one technique since different techniques probe different open states 
(Frank-Kamenetskii, 1985, Wartell and Benight, 1985). In an attempt to shed light on 
some aspects of the interactions that an open base can undergo while exposed to its 
environment, we have studied the intrinsic fluorescence properties of the purine and 
pyrimidine nucleosides: 2'-deoxyadenosine (dA), 2'-deoxyguanosine (dG), 
2'-deoxythymidine (dT), and 2'-deoxycytidine (dC), in organic solvents in the presence of 
small amounts of water. 
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Exposure of the nucleoside to water was made at three different stages during the 
process of solution preparation and the resulting three solutions were designated 
accordingly: (i) the "premixed" solution in which the nucleoside is initially exposed to 
both the water and the organic solvent (i.e. initial partial exposure to water), (ii) the 
"carry its own water" solution in which the nucleoside is initially exposed only to water 
(i.e. initial full exposure to water), and (iii) the "injected water" solution in which the 
nucleoside is initially exposed only to the- organic solvent before adding water (i. e. initial 
shielding from water). The organic solvents used in the present study were: n-butanol, 
acetonitrile, methanol, n-propanol, isopropanol, and isobutanol. The choice of these 
solvents was dictated by their transmission in the UV region and the solubility of water 
and of the nucleosides in them. In the process, we found that the fluorescence properties 
of these three solutions vary in a nucleoside- and solvent-dependent fashion. This 
variation was observed only for the purines when dissolved in aqueous mixtures with 
n-butanol and acetonitrile. With regard to this solvent selectivity, acetonitrile is 
completely miscible in water but forms very weak hydrogen bonds in its capacity as a 
proton acceptor (Marcus, 1 998). The significance of these bonds with regard to this 
phenomenon will be discussed later on. We shall first address the water-n-butanol 
mixtures. 
The disruption of the solvation/hydration network in these solutions ("premixed", 
"carry its own water", and "injected water") was also investigated by measuring the 
temperature effects on the fluorescence properties of solutions that were heated over a 
temperature range of 22 °C -55 °C for about 20 minutes and allowed to cool to room 
temperature. The results of these measurements will be discussed later on. Also 
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discussed are the solvent effects on the fluorescence parameters of the four nucleosides 
for the six organic solvents used in the present study. Finally, the implications of the 
present findings regarding the open base pairs in DNA are discussed. 
n-Butanol Aqueous Mixtures 
Alcohols have an aliphatic chain and a hydroxyl group, and thus they have an 
amphiphilic nature. Experimental as well as theoretical studies (Palinkas et al. , 1991; 
Laaksonen et al. , 1997; Venables and Schmuttenmaer, 2000) have suggested that in 
mixtures of water and methanol, an alcohol that possesses the shortest aliphatic chain, 
water molecules have the tendency to aggregate. The most direct evidence for such an 
inhomogeneity has been recently reported by Soper and co-workers (Dixit et al., 2002) 
using neutron diffraction measurements on a mixture of methanol and water at a water 
concentration of about 16% by volume (0.3 molar fraction). This study showed that 
water tends to retain some of its bulk structure, with the majority of its molecules, 
~ 87%, forming clusters or strings accommodating 2 to 20 molecules; clusters of three 
water molecules were the most favorable (Dixit et al., 2002). The high amphiphilicity of 
n-butanol, that has the longest aliphatic chain of all the alcohols employed in the present 
study {Table IV-I ), allows a water solubility in it of only about 19% by volume (Marcus, 
1998). This, despite the fact that its hydrogen bonding ability is very good, as is the case 
for all the other alcohols employed in the present study {Table IV-1). With regard to 
solvent hydrophobicity, an empirical measure of it is provided by the log P, where P is 
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Table N- 1 .  The structure and some physical parameters for the solvents used in the 
present study: log P, where P is the octanoVwater partition constant, the ex scale for the 
hydrogen-bond donor acidity, the p scale for the hydrogen-bond acceptor basicity, and the 
ionization potential I (in eV). 
solvent structure log pa ex a p a  l b  
(eV) 
Methanol CH3 (OH) -0.70 0.98 0.66 1 0.9 
CH3 - CH - CH3 
lsopropanol I 0. 1 3  0.76 0.84 10.2 OH 
n-Propanol CH3 - CH2 - CH2 (OH) 0.28 0.84 0.90 10.2 
CH3 - CH - CH2 (OH) Isobutanol I 0.75 0.79 0.84 1 0.0 CH3 
n-Butanol CH3 - CH2 - CH2 - CH2 (OH) 0.75 0.84 0.84 10.0 
Acetonitrile CH3 (CN) -0.34 0. 19  0.40 1 2.2 
Water H (OH) 1 . 1 7 0.47 12 .6 
a Source: Marcus, Y. 1 998. The Properties of Solvents. Wiley series in solution 
chemistry. Vol.4. P. G. T. Fogg, editor. John Wiley & Son�. Chichester, UK. 
b Source: Lide, D. R. 2000 . Handbook of Chemistry and Physics. 8 1 st edition. CRC 
Press. Boca Raton, FL. 
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the partition constant of the solvent between 1 -octanol and water (Marcus, 1998). The 
values of log·p for the solvents used in the present study are listed in Table IV- I .  It is 
seen that the hydrophobicity of the alcohols increases in the order of methanol, 
isopropanol, n-propanol, isobutanol, and n-butanol. Isobutanol and n-butanol, which 
have identical hydrophobicities, are by far the most hydrophobic (Table IV- I). 
The length of the alcohol aliphatic chain, and not the hydrophobicity of the 
alcohol alone, apparently plays an important role in the manifestation of the phenomenon 
observed in the current study, according to which the fluorescence properties of purines 
in aqueous mixtures of organic solvents are dependent on the nature of the environment 
to which they are initially exposed. This is seen from the fact that in aqueous mixtures of 
n-butanol, which has the longest aliphatic chain, the purines do exhibit the present 
phenomenon, whereas in aqueous mixtures of isobutanol they do not. This, despite the 
fact that isobutanol is as hydrophobic as n-butanol and allows a water solubility in it of 
only about 14%, which is even slightly lower than that of 17% in n-butanol (Marcus, 
1998) . This suggests that the occurrence of the present phenomenon in aqueous mixtures 
of n-butanol necessitates the formation of a rather elaborate solvent network around the 
purines, which will be further discussed later on. 
As to the question of why the current phenomenon was not observed for the 
pyrimidines in water-n-butanol mixtures, we note here that because of the more localized 
polar groups of the pyrimidines, such an extended network cannot be potentially formed 
in that case. It is seen from Fig. IV- I that, in addition to the contiguous polar groups that 
participate in interbase hydrogen bonding in DNA, the purines have the. N3 and N7 polar 
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Figure IV- 1 .  Structures of the four deoxynucleosides used in the present study: 
2'-deoxyadenosine (dA), 2'-deoxyguanosine (dG), 2'-deoxythymidine {dT), and 
2'-deoxycytidine ( dC). Also shown are the structure of the deoxyribose (R) and the 
directions of the pennanent dipole moments of the nucleosides. 
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and Berman, 1995 ), whereas the pyrimidines have no such additional polar groups. [It is 
to be noted that the N 1 position of the pyrimidines has a low hydration occupancy and 
the N9 position of the purines has a negligibly small occupancy (Schneider and Berman, 
1995 ).] Thus, these two groups (N3 and N7 ) are likely to participate in the solvent 
network around the purines. Below, we address the possible salvation/hydration 
networks in the three solutions: "injected water", "carry its own water", and "premixed". 
In the "injected water" solution, a purine molecule would be initially solvated by 
n-butanol. We note here that neutron diffraction studies on aqueous mixtures of 
tert-butanol (Bowron et al. , 1998 ;  Finney et al., 2000; Bowron et al. , 2001 ) have reported 
that the behavior of tert-butanol molecules in aqueous mixtures is predominantly driven 
by hydrophobic interactions which bring their methyl groups into direct contact and that 
there is no significant hydrogen bonding between these molecules. Along these lines, it 
has also been observed (Dixit et al., 2002 ) that the net effect of water on methanol 
molecules in water-methanol mixtures is to bring their methyl groups closer together and 
to push their hydroxyl groups apart and thus to reduce the extent of methanol-methanol 
hydrogen bonding in the mixture. Moreover, because of the large polarizabilities of the 
DNA bases, average value === 13 .1 A3 , Table IV-2 , and the sizable polarizability of 
n-butanol, 8 .9 A3 (Table 111-14 ), one would need to consider the contribution of 
dispersion interactions, which arise from interactions between a transient dipole in one 
molecule, with polarizability a 1 , and an induced dipole at a neighboring molecule, with 
polarizability a2 • The interaction energy Udis is given by (Israelachvili, 1 992 ) 
265 
Table IV-2. Physical parameters of the DNA bases, adenine, guanine, thymine, and 
cytosine: the magnitude µ (in D) and direction 0 (in degrees) of the permanent dipole 
moments for the DNA bases, the polarizability ex (in A3), and the ionization potential I (in 
eV). 












a source: Guckian, K. M., B. A. Schweitzer, R. X.-F. Ren, C. J. Sheils, D. C. 
Tahmassebi, and E.T. Kool. 2000. J. Am. Chem. Soc. 122:22 13-2222. 
b Sources : Clementi, E., J. M. Andre, M. Cl. Andre, D. Klint, and D. Hahn. 1969. Acta. 
Phys. Acad. Sci. Hung. 27:493-521.  
Bloomfield, V. A., D. M. Crothers, and I. Tinoco. 1974. Physical Chemistry 
of Nucleic Acids. Harper & Row, Publishers, New York, NY. 
c For the purines, the direction of the dipole moment is with respect to the C4 :. CS 
bond and those for the pyrimidines are with respect to the N 1- C4 bond ( see Fig. IV- 1 ). 
The plus sign for the angle is for the counterclockwise direction if the structure is 
drawn with the C2 on the left of the glycosyl linkage. 
dSource: Alyoubi, A. 0. and R.H. Hilal. 1995. Biophys. Chem. 55:231 -237. 
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(IV- 1)  
where /1 and /2 are the ionization potentials of the two interacting molecules. The values 
of the polarizabilities of dA and dG are very similar, 1 3 .7 A3 and 1 5 .0 A3 (Table IV-2), 
respectively, and their average value of 14.4 A3 will be used in the calculations. Also, 
their ionization potentials are very similar 8.9 eV and 8.6 eV (Table IV-2), and their 
average of 8 .8  eV will be used. The ionization potential of n-butanol is 10  eV 
{Table IV- 1 ). Equation IV- 1 then yields Udis z - 5 kcal/mo I for a butanol-purine distance 
r = 4 A. [The choice of r = 4 A is based on the thickness of the aromatic ring, ~ 3 .7 A 
and the diameter of the aliphatic chain of n-butanol ~ 4 A {lsraelachvili, 1992), 
(i. e. r = (3 .7 + 4 )/2 z 4 A.] This would suggest a considerable dispersion attraction 
between purine and n-butanol molecules that could give rise to a stacking interaction 
between them. Taking these considerations into account, a likely configuration for the 
solvation of the purines by n-butanol would then involve hydrogen bonding interactions 
between the hydroxyl groups of n-butanol and polar sites of the purines, with the 
aliphatic chains of neighboring n-butanol molecules making contact with each other as 
well as undergoing stacking interactions with the rings of the purines. In this fashion, the 
long aliphatic chains of n-butanol may result in a solvation network that would 
encapsulate the purine. [For the case of pyrimidines, this extended network would not be 
favorable as was discussed above.] This is shown schematically in Figs. IV-2 and IV-3 
that depicts interactions between the hydroxyl and the methyl groups of n-butanol with 
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Figure IV-2. Sketch diagram of possible solvation of 2'-deoxyadenosine molecule (dA) 
by n-butanol. The chain of an n-butanol molecule stacked with dA is indicated with bold 
line. A dashed box represents the van der Waals volume of an n-butanol molecule and a 
circle indicates the position of its methyl group. Also shown is the structure of the 
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Figure IV-3. Sketch diagram of possible solvation of 2'-deoxyguanosine molecule (dG) 
by n-butanol. The chain of an n-butanol molecule stacked with dG is indicated with bold 
line. A dashed box represents the van der Waals volume of an n-butanol molecule and a 
circle indicates the position of its methyl group. Also shown is the structure of the 
deoxyribose. This model is only schematic. 
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configuration over a purine, which contributes a dispersion energy of ~ -5 kcal/mol, is 
seen to be optimal in bridging one polar group of one ring with a nonpolar group on the 
other ring, e.g CH2 to N7 shown in Fig (IV-2). This points to the uniqueness of the 
length of n-butanol in relation to the manifestation of the present phenomenon of 
solvation retention. Thus, when water is injected into the solution, the tendency of water 
molecules to avoid the aliphatic chains of n-butanol molecules, which are solvating the 
purine, would not allow them to participate in the solvation network and thus, the purines 
would tend to retain the solvation network initially formed around them by n-butanol. 
Consequently, the fluorescence spectra in the "injected water" solutions would be 
expected to be similar to that in neat n-butanol. This expectation is borne out by the 
results of the present study (Fig. 111- 1 8  - 111-20 for dA, and Fig. 111-52 - 111-54 for dG). 
In the "carry its own water" solutions, the purine is first hydrated. The extent to 
which the purine would retain its hydration when diluted in n-butanol would be 
dependent on the strength of its hydration as well as on the level of connectivity that 
water can retain upon dilution; the latter would be high when the co-solvent is 
hydrophobic. Upon increasing the amount of water, the fluorescence properties of dG, in 
the absence of bulk solvent effects, would then be expected to approach those in neat 
water on account of the fact that this is the most strongly hydrated nucleoside as deduced 
from the high value of the hydration free energy of guanine (G), -2 1 kcal/mol {Table 
IV-3). [The hydration free energies, in kcal/mo 1, of the other bases are: - 1 7  for cytosine 
(C), - 1 2  for adenine (A), and -1 1 for thymine {T) {Table IV-3).] The present 
observations bear this out. The fluorescence peak intensity decreases monotonously (Fig. 
111-52), the width of the spectrum increases (Fig. 111-54), and its peak wavelength shifts 
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Table IV-3. The salvation free energies for the DNA bases, adenine, guanine, thymine, 
and cytosine. Also tabulated are the values of log P, where P is the octanoVwater 
partition constants. 
Salvation Free Energy G (kcal/mol) 
Base { G) a ( G) b ( G) C ( G) d 
( G) 
/og P b Average 
Adenine -11.6 -12.6 -12.0 -10.8 -11.8 -1.07 
guanine -21.7 -19.6 -22.4 -19.7 -20.9 -1.36 
thymine - 1 3 . 1  -7.5 -12.4 -10.4 -10.9 -0.36 
cytosine -20.1 -12.7 -18.4 -16.8 -17.0 -0.76 
a Source: Elcock, A. H. and W. G. Richards. 1993 .. J. Am. Chem. Soc. 115:7930-7931. 
b Source: Bash, P. A., U. C. Singh, R. Langridge, and P. A. Kollman. 1987. Science. 
236:564-568. 
c Source: Miller, J. L., and P.A. Kollman. 1996. J. Phys. Chem. 100:8587-8594. 
d Source: Mohan, V, M. E. Davis, J. A. McCammon, and B. M. Pettitt. 1992. J. Phys. 
Chem. 96:6428-6431. 
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to longer wavelengths (Fig. III-53); all of these parameters approach those in neat water 
(Fig. III-58). On the other hand, because of the fact that dA is much more weakly 
hydrated than dG (Table IV-3), formation of a mixed water-n-butanol solvation network 
around dA is possible. The trend observed for the fluorescence properties of dG in the 
"carry its own water" solutions upon increasing the amount of water, relative to those in 
neat water, is not observed for the dA solutions. Although the fluorescence peak 
intensity approaches that of neat water (Fig. III-24), a large shift in the wavelength of the 
fluorescence spectral peak to longer wavelengths relative to that in neat water and a 
broadening of the spectrum are observed (Fig. III-24): for the 1 5% solution the shift is by 
~ 12  nm and the broadening is by ~ 600 cm· 1 ( Table III- 1 ). These differences suggest 
the formation of a mixed solvation network around dA. The most likely candidates to be 
sites of interaction with n-butanol in such a mixed network are the hydrophobic CH 
groups at positions 2 and 8 as well as the polar N3 and N7 positions (Fig. IV- 1 ). The 
hydration of the latter is expected to be considerably weaker than that of the Nl  position 
and the N6 amino group that are adjacent to each other ( K.harakoz, 1 99 1 ;  Chalikian and 
Breslauer, 1 998). 
In the "premixed" solutions, a purine would be initially exposed to both water and 
n-butanol. The interaction would depend on the affinity of the different sites in the 
purine. The mixture of n-butanol and water is expected to be heterogeneous in view of 
the incomplete mixing at the molecular level that was observed for the water-methanol 
system in which water appeared as clusters or strings of varying sizes (Palinkas et al. , 
199 1 ;  Laaksonen et al. , 1 997; Venables and Schmuttenmaer, 2000; Dixit et al., 2002). 
Furthermore, because of strong cooperative interactions in water, its hydrogen bonding 
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ability is considerably enhanced (Keutsch and Saykally, 200 1) and thus, there could be a 
preference for water-cluster-nucleoside interaction than for individual 
water-molecule- nucleoside interaction. These considerations suggest that different 
solvation and hydration patterns would be formed in which some of the purine molecules 
would be either exclusively hydrated or solvated by n-butanol or would have a mixed 
solvent network. The fraction of each network formed would depend on the water 
content. The large fluorescence enhancement which is observed upon increasing the 
water content up to 9% (Figs. 111- 1 8  and 111-52) most probably stems from increasing the 
fraction of the "mixed" solvation network. This inference is reached on the basis of the 
observation that the fluorescence intensity is much larger than those in neat n-butanol or 
in the "carry its own water" solutions. Studies on binary mixtures of water with alcohols 
(Ferrario et al. , 1 990; Venables and Schmuttenmaer, 2000) showed that the formation of 
mixed hydrogen bonds between water and alcohols depends on the water content. For 
example, the fraction of water molecules involved exclusively in mixed hydrogen bonds 
with methanol reaches a maximum at water concentrations of about 1 3% -50% by 
volume (0.25 - 0.7 mole fraction), depending on the different hydrogen bonding 
configurations, and drops rapidly beyond that (Venables and Schmuttenmaer, 2000). 
Presumably, this would also be the case for tertiary systems like the ones under study 
here. 
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Acetonitrile Aqueous Mixtures 
Acetonitrile is completely miscible with water, but is only a proton acceptor and a 
very weak one at that (Table IV-1 ). Thus, regarding the hydrogen bonding interaction, 
the solvation network would be more local than those in the case of alcohols. Despite the 
relatively much larger dipole moment of acetonitrile than those of alcohols (Table 
111-14 ), x-ray diffraction studies reported that acetonitrile molecules are weakly 
associated through dipole-dipole interaction (Bertagnolli and Zeidler, 1978 ; Steinhauser 
and Bertagnolli , 1981 ). For the pyrimidines, only the amino group of dC and the imino 
group of dT (Fig. IV-1 ) would be sites of hydrogen bonding interactions since they can 
donate a proton. For the purines, the sites would be the amino and the imino groups of 
dG, and the amino group of dA . 
A number of studies have reported the existence of microheterogeneity in 
water-acetonitrile mixtures over a wide range of water contents (Kovacs and Laaksonen, 
1991 ; Marcus and Migron, 1991 ; Bertie and Lan, 1997 ; Bergman and Laaksonen, 1998 ; 
Takamuku et al., 1998 ; Mountain, 1999 ; Venables and Schmuttenmar, 2000), even for an 
as low as 0.15 mole fraction (- 6% v/v), which is at the lower end of the range of water 
contents used in the present study. This heterogeneity results in the formation of mixed 
clusters of water and acetonitrile. The formation of mixed water-acetonitrile hydrogen 
bonding structures has also been reported that peaks at a water mole fraction of 
approximately 0.1 -0.3 (4 % - 13 % by volume), depending on the hydrogen bonding 
configuration (Venables and Schmuttenmar, 2000). 
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In "pr�mixed" solutions of water and acetonitrile, the solvation preference of a 
purine would be a function of its hydrogen bonding affinity for the two solvents as well 
as of the strength of dipole-dipole interactions with them; the latter interactions arise 
from the sizable dipole moments of water, acetonitrile, and purines. The dipole-dipole 
interaction energy Ud-d between two molecules that possess permanent dipole moments µ 1 
and µ2 , when all possible orientations are equally probable, and separated by a distance r 
is given by (lsraelachvili, 1992 ) 
(IV-2 ) 
Here, k8 = 1 .38 x10·
23 J/K. is Boltzmann's constant, e0 = 8 .85 x1 0· 1
2 C2/N·m2 is the 
permittivity of vacuum, and T is the absolute temperature. Since the dipole moment of 
guanine G is much larger than that of adenine A ( 6 .6 D and 2 .3 D, respectively {Table 
IV-2 )), and the dipole moment of acetonitrile is larger than that of water (3 .9 D and. 1 .85 
D, respectively {Table 111-14 ) ), G would experience much stronger dipole-dipole 
interactions with acetonitrile (AN) than A would, and these interactions would be 
stronger than those with water. By using Eq. IV-2 for r = 5 A, the strengths of these 
interactions at room temperature are: Ud-d (G - AN) = - 1 0.0 kcal/mo 1, Ud-d (G-H20) = 
- 2 .3 kcaVmol, Ud-d (A - AN) = - 1 .2 kcaVmol, and Ud-d (A - H20) = - 0.3 kcal/mol. 
[The value of r = 5 A is based on the average distance between the bases and the 
hydrating water, ~ 4 .8 A (Shneider and Berman, 1995).] With the ionization potential / = 
12 .2 eV and the polarizability ex = 4 .4 A3 for acetonitrile, the energy of the purine­
acetonitrile dispersion interaction is calculated from Eq. IV-1 to be -0. 7 kcal/mol for a 
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distance r = 5 A. The above considerations point to the dominance of the dipole-dipole 
interaction in the solvation of dG by acetonitrile. [An additional contribution can be 
made by the dipole-dipole interaction between acetonitrile and the sugar of dG and dA. 
The dipole moment of the sugar is about 2.5 D (Pechenaya, 1993). This would yield a 
value of about 1.4 kcal/mol for Ud-d, which is only about 14% of that for the guanine­
acetonitrile interaction energy and comparable to that of the adenine-acetonitrile 
interaction.] Another interaction arises from hydrogen bond formation, the energy of 
which is ~2.5 kcal/mol (Saenger, 1984; Turner et' a/. ,1987). This is discussed below. 
Water would form a much more extended hydrogen-bonding network around the 
purines than acetonitrile would because of its much greater hydrogen bonding ability 
(Table IV-1) and the fact that it is both a hydrogen bond donor as well as an acceptor. 
Moreover, because of strong cooperative interactions in water, its hydrogen bonding 
ability is considerably enhanced (Keutsch and Saykally, 2001), and therefore there could 
be a preference for water-cluster-nucleoside interactions than for individual 
water-molecule-nucleoside interactions; these interactions would contribute to the 
heterogeneity of the solvation network. These considerations taken together suggest that 
in "premixed" solutions mixed solvation networks would be formed around dA or dG in 
which water and acetonitrile molecules would participate. These networks would have 
purines that are either exclusively hydrated, by the water clusters formed in the 
heterogeneous water-acetonitrile mixture, or exclusively solvated (with acetonitrile) or 
a mixed network in which a purine molecule is interacting with both water and 
acetonitrile. 
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In the "cany its own water" solution, a hydration network would be formed 
around the purine in the initial step of dissolving it in water. The degree to which this 
network would be retained upon dilution in acetonitrile would be dependent on the 
affinity of the purine for water, which is much greater in the case of dG, and on the level 
of connectivity that water can retain after dilution. This suggests that the participation of 
acetonitrile in the solvation network around dA is more likely than in the network around 
dG. The fluorescence spectral properties of dA in the "carry its own water" solution are 
very similar to those in the "premixed" solution (Figs. III-31 - III-33), an observation 
which suggests that the mixed networks formed in these two solutions are very similar. 
The spectra are broader by ~ 20% - 30% and are shifted to longer wavelengths by ~ 4 - 7 
nm, depending on the water content, relative to those in neat acetonitrile (Table III-2). 
For the case of dG in the "carry its own water" solution, however, the spectrum is shifted 
to longer wavelengths by ~ 5 nm and is broader by ~ 20% relative to that in the 
"premixed" solution (Fig. III-68 - III-69). These differences suggest the formation of 
different solvation networks in these two solutions; this behavior contrasts with that 
exhibited by dA. In the networks formed in the "carry its own water" solutions, because 
of the strong hydration of dG, one would expect less participation of acetonitrile 
molecules in the solvation network around it and thus, greater hydration than in the 
"premixed" solutions. 
Before the addition of water in the "injected water" solution, purines are solvated 
in neat acetonitrile. In order to understand the solvation network formed around the 
purines in neat acetonitrile, one needs to consider the interactions in the neat solvent. As 
was mentioned earlier, acetonitrile molecules are weakly associated through 
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dipole-dipole interactions (Bertagnolli and Zeidler, 1 978; Steinhauser and Bertagnolli , 
1 98 1  ). Moreover, a recent x-ray diffraction study (Takamuku et al. , 1 998) showed that 
acetonitrile molecules are alternately aligned to form a zigzag cluster in which an 
acetonitrile molecule interacts with two nearest neighbors through an antiparallel 
dipole-dipole interaction. Another potential interaction in the formation of the salvation 
network in neat acetonitrile is hydrogen bonding. Thus, the formation of the salvation 
network around the purines in neat acetonitrile would stem from an interplay between 
hydrogen bonding and dipole-dipole interactions, discussed above. However, hydrogen 
bonding interactions are not expected to contribute significantly to the stabilization of 
either dG or dA, because of the fact that acetonitrile is a very weak hydrogen bond 
acceptor (Table IV- 1)  and of the limited number of purine polar groups that can donate 
protons (the amino and imino groups of dG and only the amino group of dA (Fig. IV- 1 )). 
(For pyrimidines, only the amino group of dC and the imino group of dT can form 
hydrogen bonds with acetonitrile (Fig. IV- 1 ). ) It would be expected, as discussed above, 
that dG is more likely to be stabilized through dipole-dipole interactions with neat 
acetonitrile than dA would because of its much larger dipole moment (6.6 D vs 2 .3 D 
(Table IV-2). (This would also be the case for dT and dC, whose dipole moments are 4.5 
D and 6.0 D, respectively.) 
Upon water addition in the "injected water" solution, the observed relatively 
large fluorescence enhancement (Figs. III-3 1 and III-67) suggests that the stabilization in 
neat acetonitrile is disturbed with water participating in the salvation network and 
forming a mixed network. The strong hydrogen bonding ability of water relative to that 
of acetonitrile most likely plays a significant role in the formation of such a network. 
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This mixed network is, however, different from that formed in the "premixed" solution, 
as is suggested by the observation that the fluorescence peak intensities are very different 
in the two cases (Figs. III-31 and III-67). We recall here that solvation networks formed 
in the case of the "premixed" solution are networks in which the purine is either 
exclusively hydrated, exclusively solvated (with acetonitrile), or has a mixed network 
(which would be the most probable in the "injected water" solutions, see below). The 
network formed around purines in the "injected water" solutions is most likely dominated 
by configurations in which both acetonitrile and water participate in it because of the 
affinity of purine polar groups for water, whose hydrogen bonding is not satisfied by 
acetonitrile. Yet, it would be rather difficult for water, when injected, to completely 
dislodge acetonitrile from around the purine because of stabilizing dipole-dipole 
acetonitrile-purine interactions, especially in the case of dG (see above). These 
considerations do not negate the possibility that other solvation patterns are formed, 
which bear some resemblance to those in the "premixed" solution: for very small 
amounts of water, purines that are exclusively solvated by acetonitrile are very likely, 
whereas, species that are exclusively hydrated would be expected for very large amounts 
of water. The large fluorescence enhancement and its strong dependence on the water 
content observed in the 8% - 15% "injected water" solutions (Figs. III-31 and III-67) are 
inost likely related to the number of such mixed networks; the number of mixed 
water-acetonitrile hydrogen bonding structures has been reported to peak at a water mole 
fraction of approximately 0.1 - 0.3 (4% - 13% by volume) depending on the hydrogen 
bond configuration (Venables and Schmuttenmar, 2000). The largest fluorescence 
enhancement observed in the present study is for the 8% and 15% water contents, by 
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volume (Figs. 111-31 and 111-67). It is possible that in the tertiary mixtures studied in the 
present work the number of mixed water-acetonitrile networks around purines peaks at a 
larger water content than that in the binary mixtures because of hydrogen bonds that are 
lost to the purine. 
The question arises as to why the final solvation networks formed around the 
purines in water-acetonitrile mixtures are dependent on their initial exposure, whereas 
those formed around the pyrimidines are not. Because of the large dipole moment of 
acetonitrile, 3.9 D, one might consider the possibility that differences between the 
magnitudes of the dipole moments of purines and pyrimidines would result in differences 
in the strength of the dipole-dipole interactions with acetonitrile. However, the 
magnitudes of the dipole moments of the four bases, 6.6 D for guanine, 2.3 D for 
adenine, 4.5 D for thymine , and 6.0 D for cytidine {Table IV-2), do not reveal a 
distinction between purines and pyrimidines. Moreover, there is no differential pattern in 
the directions of the dipole moments of purines and pyrimidines (Fig. IV-1, see also 
Table IV-2). These considerations suggest no clear rationale for the operation of the 
present phenomenon in terms of dipole-dipole interactions. It is significant to observe 
that, whereas the purines have polar groups widely distributed on their rings, the 
pyrimidines have two contiguous positions, 5 and 6, with nonpolar groups (Fig. IV-1 ). 
On the other hand, dG has only one nonpolar group at position 8, and dA has, in addition, 
the noncontiguous CH group at position 2 (Fig. IV-1 ). Thus, acetonitrile can interact 
hydrophobically through its methyl group more extensively with pyrimidines than with 
purines. These considerations suggest that the nonpolar regions of dC and dT would 
promote hydrophobic interactions with acetonitrile through its methyl group. Thus, in 
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water-acetonitrile mixtures, a mixed solvation network would be formed around the 
pyrimidines with acetonitrile tending to solvate the nonpolar groups and water tending to 
hydrate the polar groups. As we discuss below, the formation of this network is not 
expected to be dependent on the sequence of steps in which the mixture is prepared. 
As the hydrated pyrimidine is diluted in acetonitrile to form the "carry its own 
water" solution, with the hydration of its polar groups intact, acetonitrile would have 
access to the pyrimidine nonpolar region because of the poor hydration of that region. In 
the "premixed" solution, the solvation network around the pyrimidines would be 
determined on the basis of the affinity of the sites, with the polar groups having 
preference for hydration and the nonpolar region of the pyrimidines interacting with 
acetonitrile through its methyl group. The preference for water would be strong since the 
three polar groups of the pyrimidines (at positions 2 ,  3 ,  and 4 )  are contiguous (Fig. IV-1 ); 
it was reported (Kharakoz, 1991 ; Chalikian and Breslauer, 1998 ) that the hydration of 
adjacent polar groups is strongly enhanced relative to that of distant ones. Also, as was 
discussed above, preference would be exhibited for interaction with water clusters rather 
than with individual water molecules. The tendency of the hydrophobic region of the 
pyrimidine ring to avoid water in favor of interacting with the methyl group of 
acetonitrile would make the formation of a mixed solvation network quite likely. In the 
"injected water" solution, the pyrimidine is initially solvated by acetonitrile. When water 
is added to the solution, the amino group of dC and the imino group of dT, that can form 
hydrogen bonds with acetonitrile, would have a strong hydrogen bonding affinity for 
water. Also, the tendency of water to avoid the hydrophobic region of the pyrimidines 
would leave their solvation with acetonitrile intact. These considerations suggest that a 
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similar mixed salvation network would be formed around the pyrimidines in all three 
solutions and that this network would not depend on the sequence of steps in which these 
solutions were formed. This expectation is borne out by the experimental results 
reported in the present work. 
Disruption of the Hydration/Solvation 
Network Around the Purines 
The disruption of the final salvation network formed around the purines in 
aqueous mixtures of n-butanol and acetonitrile has been investigated for the three 
solutions, i. e. "premixed", "carry its own water", and "injected water". The solutions 
were heated over the temperature range of 22 °C up to 55 °C for 20 minutes and allowed 
to cool to room temperature before measuring their fluorescence spectra. In general, no 
significant changes have been observed in neither the spectral width nor the wavelength 
of the fluorescence spectral peak {Tables III-9 - III- 12). However, the fluorescence peak 
intensity increases as the incubation temperatures is increased (Tables III-9 - III- 12). 
This is most likely the result of disrupting the salvation network around the purines . The 
activation energies M for such processes have been calculated from the linear fits of the 
plots of In IP vs. 1/T (Figs . III- 1 3 1 - III- 144), where IP is the fluorescence peak intensity 
and T is the absolute incubation temperature, using the following Arrhenius relationship: 




Here, R is the gas constant = 1.987x 10-3 kcal/mol·K, AE is the activation energy, and /
0 
is a constant. The activation energies for the different solutions are in the range of 
1.4 ± 0.4 kcal/mol - 3.4 ± 0.5 kcal/mol {Table 111-13). 
The changes in the free energy llG, the enthalpy Ml, and the entropy llS at 
temperature T are related by the thermodynamic relationship 
llG = Ml-TllS (IV-4) 
For the "carry its own water" solution, llG can be identified with the free energy of 
partial dehydration. In the temperature ranges used, one would not expect a complete 
removal of water from around the purines; the solvation energies for purines are ~ -21 
kcal/mol for G and ~ -12 kcal/mol for A {Table IV-3). Schweitzer and Kool (1995) 
reported a dehydration free energy of ~5 kcaVmol for position NI  and the N6 amino 
group of adenine. In this regard, it was reported (Kharakoz, 1991; Chalikian and 
Breslauer, 1998) that the hydration of adjacent polar groups is strongly enhanced relative 
to that of distant ones. It would therefore be expected that the hydration at NI  and N6 
would be considerably stronger than that at N3 and N7. Thus, partial dehydration of dA 
would more likely involve N3 and N7, and the value of 5 kcal/mo I would be the 
maximum llG for this process. The activation energy AE would represent the maximum 
value of the enthalpy Ml
max
, and Eq. IV-4 can then be used to calculate TllS for these 
solutions. For the values of the activation energies of dA in the 8% "carry it own water" 
solutions {Table 111-13), and using Eq. IV-4, the TllS values of � - 1.6 kcal/mol and 
- 3.0 kcal/mol are obtained in acetonitrile and in n-butanol solutions, respectively. The 
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corresponding values for the 15% solutions are very similar, -1 .8 kcal/mo I and -3 .1 
kcal/mo I. The negative sign of these entropy changes suggests that the disruption of the 
water network around dA is accompanied by an increase in the order of the organic 
solvent around it. The considerably larger increase in the order observed in n-butanol 
relative to that in acetonitrile is most likely due to the greater hydrophobicity of 
n-butanol (Table IV-1): log P of n-butanol is 0.75 whereas that of acetonitrile is -0.34 . 
Information on the �G value for the partial dehydration of dG is not available 
from the literature. If we were to use the aforementioned value of 5 kcal/mol that was 
reported for the partial dehydration of dA, we obtain T�S values of � - 2 .1 kcal/mol and 
- 3 .1 kcal/mol for the 8% and 15% "carry its own water" solutions in acetonitrile, 
respectively. The respective values in n-butanol mixtures are -2 .5 kcal/mol and -3 .6 
kcal/mol. The increased order in acetonitrile around dG for the 15% solution is 
significantly larger than that around dA (-3 .1 kcal/mol vs. -1 .8 kcal/mol). This could be 
the result of the much larger dipole moment of dG relative to that of dA (6 .6 D vs. 2 .3 
D), which would result in a larger increase in the order in acetonitrile as a result of the 
stronger dipole-dipole interaction in this case (see above). These findings suggest that 
both enthalpy and entropy changes make contributions to the processes involved in the 
manifestation of the retention of the hydration network in the "carry its own water" 
solutions. 
For the "injected water" solutions in the case of n-butanol, �G in Eq. IV-4 can be 
identified with the free energy of partial desolvation which is not known, whereas in the 
case of acetonitrile a mixed network is formed (see above) which prevents the 
identification of �G. In any case, the activation energies could not be calculated for 
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. these solutions because of the very small changes observed in their fluorescence intensity 
upon heating (Figs. 111-1 14, 111- 1 1 7, 111- 126, and 111-1 29). This experimental finding 
indicates that the mixed network in the "injected water" solution in acetonitrile is 
thermally stable. Also, the "premixed" solutions exhibit rather small changes in the 
fluorescence intensity upon heating with the exception of dA in acetonitrile (Figs. 111- 1 1 5  
and 111- 1 1 8). 
Solvent Effects 
We have also investigated the possible existence of a correlation between the 
fluorescence spectral properties and bulk solvent parameters for solutions of nucleosides 
in neat solvent and in their aqueous mixtures. 
Spectral Shifts 
With regard to changes in the wavelengths of the spectral maxima, these may be 
the result of the following interactions (Reichardt, 1 988): (i) solvent polarity, (ii) solvent 
polarizability, or (iii) specific. We found that polar interactions tend to shift the 
fluoresc'ence spectra of dT and dG to longer wavelengths (Figs. 111- 1 55 and 111- 1 50, 
respectively), with the correlation for the case of dG being weaker (Fig. 111- 1 50). 
Polarizability effects include: (i) dispersion interactions between an instantaneous dipole 
in one molecule and the dipole it induces in another molecule and (ii) interactions in 
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which a permanent dipole moment in one molecule induces a dipole in another molecule. 
The latter interaction is, however, weak relative to the former (Reichardt, 1988; 
lsraelachvili, 1992). We found that dispersion interactions do not seem to contribute 
significantly to the observed spectral shift for any of the four nucleosides (Figs 111-157 -
111-160). As for the contribution of specific effects, shifts to shorter wavelengths relative 
to a nonhydrogen bonding solvent are observed when the strength of the hydrogen bond 
is greater in the ground electronic state than in the excited state (Pimentel, 1957; 
Georghiou, 1981 ). On the other hand, shifts to longer wavelengths correspond to 
stronger hydrogen bond in the excited state. Unfortunately, none of the nucleosides is 
soluble in a nonhydrogen bonding solvents ( e.g. hexane), and this does not allow 
conclusions to be drawn regarding the change in the strength of hydrogen bonding 
following electronic excitation. 
The Fluorescence Quantum Yield 
With regard to the solvent effects on the fluorescence: quantum yields of the four 
nucleosides employed in the present study, only that of dG seems to depend strongly on 
the polarity as well as on the polarizability of the solvent (Figs. 111-162, 111-166, and 
111-170). �olar interactions are found to quench the fluorescence of dG (Figs. 111-162 and 
111-166), whereas polarization effects (mainly dispersion interactions) enhance its 
fluorescence (Fig. 111-170). We should also add that the correlation between the 
empirical parameter of solvent polarity E{ and the polarizability, for the solvents used 
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in the present study, is not strong; E{ tends to decrease as the polarizability is increased 
(Fig. III-173). Therefore, the effects of these two parameters can be considered to operate 
independently. Hydrogen bonding effects on the quantum yield are also expected to 
operate but in general the actual mechanism for these effects has not been established 
(Mataga and Kubota, 1970). 
1t1t* and n1t* Electronic States 
It should be noted that, unlike the pyrimidines, the purines have two mt* 
electronic states in their long-wavelength absorption band (Callis, 1 983). The energy gap 
between the two states is much smaller for adenine. Georghiou and co-workers resolved 
the two absorption bands of 7-methyl guanine (Ge et al ., 1990). The data in aqueous 
solution were found to be consistent with a model that involves conversion of the 
upper-energy state to the lower-energy state with 100% efficiency and emission 
exclusively from the lower-energy state. At the excitation wavelength of 265 nm 
employed in the present study, both states of dG are being excited. (This takes into 
account a spectral shift of ~ 10 nm to longer wavelengths for 7-methyl guanine.) It is 
conceivable that the order of the two states may be dependent on the nature of the organic 
solvent or the water content of its aqueous mixtures. 
Moreover, the presence of mt* electronic states has been suggested for both the 
purines and the pyrimidines (Clark and Tinoco, 1965; Voelter et al., 1968; Kaito and 
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Hatano, 1 980; Callis, 1 983 ; Daniels et al. , 1988; Broo, 1 998). However, consideration of 
the presence of two electronic states would not provide an explanation for the 
dependence of the fluorescence spectral properties on the method of solution preparation 
for purines in aqueous mixtures of n-butanol and acetonitrile. We should also note that 
the origin of the long tail in the fluorescence spectrum of dG is not clear. It is rather 
unlikely that it is the result of a solvent-induced reversal of the electronic energy levels 
because it is present not only in water as well as in organic solvents and their aqueous 
mixtures, but also in the double-stranded polynucleotide poly( dG-dC)-poly( dG-dC) 
(Huang and Georghiou, 1992) in which the bases are shielded from the solvent to a good 
extent. As we discussed under Results (Figs: III- 1 74 and III- 1 76), the tail-to-peak-ratio y 
increases to some extent as the polarizability of the solvent increases . Thus, although 
solvent effects do not appear to be at the origin of the tail, nevertheless, they can alter its 
magnitude. Broad electronic potential energy surfaces would appear to constitute a likely 
cause of the spectral tail. 
Implications for Open Base Pairs in DNA 
The findings of the present study have ramifications for the integrity of the . 
hydrogen-bonded structure of DNA in solution. Transient breaking of the hydrogen 
bonds because of thermal fluctuations is known to take place on the millisecond time 
scale (Gueron et al. , 1987; Leroy et al. , 1 988a; Dornberger et al. , 1 999). An additional 
mechanism for opening of base pairs in DNA is through DNA bending (Manning, 1 983; 
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Ramstein and Lavery, 1988). We have recently shown (Georghiou, S., C. Large, and A. 
M. Ababneh, to be published) that asymmetry in the minor groove width would give rise 
to DNA bending toward the minor groove with the smaller width as a result ofmany­
body polarization effects on the electrostatic interactions between the DNA phosphates. 
Significantly, a very small amount of energy, ~0.2 kca/mol, is required for bending 
(Jeltsch, 1998). Following the local breaking of the interbase hydrogen bonds as a result 
of thermal fluctuations and/or DNA bending, the chemical groups that were participating 
in these bonds as well as the other polar and nonpolar groups of the bases would be 
exposed to a heterogeneous environment that would include chemical groups of adjacent 
bases and sugars as well as the surrounding aqueous environment. The considerable 
freedom of unpaired bases would allow them to undergo interactions that were not 
possible or were not of the same strength as in the hydrogen-bonded structure. These 
may include intrastrand base-base dipole-dipole interactions that may be of considerable 
strength not only because of the large dipole moments of the bases (Table IV-2) but also 
because of the favorable dipole orientations that would become possible as a result of the 
freedom of the unpaired bases. Moreover, hydrogen bonding as well as partial stacking 
between unpaired and paired bases could take place. Theoretical calculations suggest 
that there is no unique open states but rather a continuum of open states ( Ramstein and 
Lavery, 1988; Ramstein, and Lavery, 1990; Kryachko and Volkov, 2001; Giudice et al. , 
2001 ). Theory as well as experiment also find that base pairs opening is local occurring 
one at a time (Gralla and Crothers, 1973 ; Lukashin and Vologodskii, 1976; Gueron et al. 
1987; Leroy et al. , 1988a; Ramstein and Lavery, 1988). Reformation of the interbase 
hydrogen bonds would be driven by hydrophobic interactions, which would tend to bring 
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the aromatic rings of the bases into the DNA interior, as well as by stacking interactions . 
In view of the finding of the present study that the retention of the solvation 
network formed around the purines depends critically on the nature of the environment to 
which they were initially exposed, reformation of the interstrand hydrogen bonds of the 
double-stranded structure may not be a very efficient process. Depending on the extent 
to which an open base is exposed to the surrounding water, one can envision 
conformations of purine-environment interactions that bear some resemblance to the 
organic solvent-water interactions: 
( 1 )  The case of  initial full exposure to water would resemble that of  "carry its 
own water". As was discussed above, hydration forces would tend to preserve this 
conformation, especially for dG, in the case of interactions with amphiphilic molecular 
components, such as n-butanol . On the other hand, if hydrogen bonding interactions with 
other molecular components, such as acetonitrile, are weaker than those with water, this 
conformation would tend to lead to partial exposure to water (see below) . This inference 
is based on the similarity between the fluorescence properties in the "carry its own 
water" and "premixed" solutions in acetonitrile; the similarity is more pronounced for 
dA. The degree of exposure to water would be greater in the case of dG. 
(2) The case of initial partial exposure to water would resemble that of 
"premixed" solution. This conformation would tend to be preserved for both purines if 
other interactions ar� either weaker than those with water or if there is a high degree of 
amphiphilicity. 
(3) The case of initial shielding from water would resemble the case of the 
"injected water'' solution . This conformation would be dependent on the nature of the 
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shielding interactions. If these interactions are of high degree of amphiphilicity, this 
conformation would tend to be preserved, as suggested by the results of the "injected 
water" solution in n-butanol. On the other hand, if the shielding interactions stem from 
weak hydrogen bonding, this conformation would tend to transform into one in which 
water would participate in the solvation of the purine. However, the partial exposure to 
water in the latter is less extensive than that in conformation (2). This inference is drawn 
based on the differences between the fluorescence properties of purines in the "injected 
water" and "premixed" solutions (see above). 
Conformation ( 1) would be related to the state of open base pairs in which the 
bases are fully exposed to water. The tendency of a purine to retain its hydration, either 
fully or partially, which is suggested by the present study, would present an impediment 
to the closing of a base pair. {This will be further elaborated below.) On the other hand, 
conformation (3) is related to a base which is initially shielded from its aqueous 
environment. This conformation can take two forms in DNA: (i) the paired 
Watson-Crick bases whose hydrogen bonding is weakened prior to their opening 
(a possibility which is discussed below), and (ii) bases that are open but shielded from 
their aqueous environment. The latter may occur in protein-DNA complexes as a result 
of interactions with long protein aliphatic chains, such as those of lysine and arginine that 
resemble to a very good extent the chain of n-butanol. As the present study suggests, 
these interac�ions would tend to preserve an open base pair conformation. 
As to the probability of conformations of partial exposure to water ( conformation 
(2) and form (i) of conformation (3)) occurring at the DNA level, a recent theoretical 
study (Kryachko and and Volkov, 2001) suggested that the structure of a partially opened 
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AT pair (adenine-thymine pair) in which one of the interbase hydrogen bonds is broken 
can have three different conformations. The most favorable conformation is one in 
which the AT pair preopens toward the major groove, followed by a stretched 
conformation in which the interbase hydrogen bonds are weak, and finally, by a 
conformation in which two hydrogen bonds are partially open (Kryachko and and 
Volkov, 2001 ). Furthermore, interaction between the bases of a partially opened AT pair 
through a bridging water molecule was found, theoretically, to stabilize such a pair and to 
be quite probable (Kryachko and and Volkov, 2001; Giudice et al. , 2001). One of these 
interactions with bridging water can take place in the interior of a partially opened AT 
pair (between the NI of A, adenine, and the imino group ofT, thymine), which would 
facilitate significantly their opening (Kryachko and and Volkov, 2001; Giudice et al. , 
2001 ). Indeed, NMR studies have invoked such a bridging interaction (Gm�ron et al. ; 
1987) to explain data obtained for the exchange rates between the imino proton of the 
thymidine and water in the absence of added catalyst. In this process, it was proposed 
that the N 1 of adenine in the AT pair acts as an intrinsic proton acceptor catalyst; thus an 
indirect transfer of proton from the imino group of T to the N 1 of A is possible through a 
bridging water molecule (Gueron et al. , 1987). A similar process could take place 
through N3 of cytidine C and the imino group of guanine G (Gueron and Leroy, 1992). 
We now return to the state of open base pairs in DNA. NMR measurements of 
the imino proton exc.hange yield an apparent lifetime i;' of the open state, which is the 
product of its lifetime ,; and an accessibility factor a that takes into account differences in 
the accessibility of the imino group to the catalyst in the open pair and in the 
mononucleoside (Braunlin and Bloomfield, 1988; Gueron and Leroy, 1992). In a series 
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of oligonucleotides, apparent lifetimes t '  of the open state in the range of 1 0-1 00 ns were 
reported (Gueron and Leroy, 1 992 ; Dornberger et al. , 1 999). Warmlander et al. (2000) 
have recently reported, for an AT base pair centrally located in a dodecamer, the 
occurrence of a long-lived open state with an apparent lifetime t ' ~  1 µs in addition to a 
short-lived open state in the nanosecond range. The former constituted approximately 
I 0% of the open states. Because of steric effects, the accessibility of the imino proton to 
the catalyst may actually be much smaller than that for the mononucleoside, and this 
would result in much longer open state lifetimes than the aforementioned apparent 
lifetimes (Warmlander et al. , 2000). Indeed, Warmlander et al. (2000) argued that the 
nanosecond component might actually be on the microsecond time scale. The dynamics 
of the interior of DNA do not appear to be the limiting factor in the closing rate of open 
base pairs: Georghiou and co-workers (1 996) reported that the bases in DNA possess 
considerable flexibility, with a major rotational correlation time of about 1 30 ps for a 
20-mer. On the other hand, in the phenomenon observed in the present study, the 
tendency of purines to retain their hydration after a full exposure to water would tend to 
present an impediment to the closing of disrupted AT as well as GC base pairs and thus 
to prolong the lifetimes of the open states. This would render the DNA interior 
accessible to macromolecules, e.g. proteins and enzymes, and to ligands (such as drugs) 
without the need of having first its helix enzymatically unwound. The root-mean-square 
displacement (s2)½ in time t for a molecule of translational diffusion coefficient D is 
given by (Cantor and Schimmel, 1 980) 
(s2)½ = (6Dtt (IV-5) 
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For the lifetime of the open state, -r ~ 1 µs , which is the lower limit of the long-lived 
open state referred to above (Warmlander et al. , 2000), Eq IV-5 yields (s2/2 values in the 
range of ~ 75 A- 250 A for the typical range of ~ 1o-7-10-6 cm2 s- 1 for the diffusion 
coefficients of macromolecules (Cantor and Schimmel, 1980). Thus, macromolecules 
would undergo considerable diffusion and be able to access open base pairs in DNA. 
We finally point out that the phenomenon observed here, in which purines have 
the tendency to retain certain salvation as well as hydration networks formed initially 
around them, is reminiscent of the reported "molecular memory" effect exhibited by the 
catalytic activity of enzymes dissolved in organic solvents in the presence of small 
amounts of water (Dai and Klibanov, 1999). Those workers reported that enzymes had a 
much greater catalytic activity when added in a small amount from an aqueous enzyme 
solution to the organic solvent rather than when dissolving the enzyme directly into the 
organic solvent that contained the same small amount of water as in the former method of 
solution preparation. These methods of suspension of enzymes in organic solvents 
resemble the methods used in the present study for preparations of "carry its own water" 
and "premixed" solutions, respectively. The operation of this molecular memory effect 
was found to depend on the nature of the solvent and the enzyme. 
Future Studies 
The occurrence of the present phenomenon, in which certain salvation networks 
formed initially around nucleosides tend to be retained, is found to occur in a 
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nucleoside- and solvent-dependent fashion. With regard to the nucleoside-dependent 
aspect of the solvation retention, purines have polar groups distributed on both rings and 
thus, an extended solvation network could potentially form around them. To further 
elucidate this novel phenomenon, one potentially could conduct a set of experiments on 
derivatives of purines which have less potential of forming such extended networks due 
to methylation at certain positions, e.g. the N 7 -methyladenosine and 
N7 -methylguanosine. These derivatives would have a weaker affinity for water, due to 
the addition of a methyl group and the fact that their five-membered ring would lack any 
polar groups. It would therefore be expected that the solvation of these derivatives would 
resemble that of the pyrimidine, the ring of which has one polar side and another 
nonpolar side. Another aspect of the present phenomenon is related to strong dispersion 
interactions, which would give rise to stacking conformations with the purines, similar to 
those in which n-butanol is involved. This is so due to the large polarizability of the 
nucleosides and/or to the length of the aliphatic chain of n-butanol. To resolve the 
contribution of these two factors, one could use fluorinated alcohols and purines. These 
molecules would have a much smaller polarizability (Reichardt, 1988) and, therefore, 
they would be involved in weaker dispersion interactions. Such experiments could 
potentially yield information on structural requirements for the retention of solvation. 
It would also be of interest to carry out time-resolved fluorescence measurements 
for the solutions investigated in the present study to gain insights into the dynamics of the 
different solvation networks. In particular, measurements of the rotational correlation 
times in the case of "injected water" solutions in n-butanol, for which n-butanol-purine 
stacking conformations are thought to be considerable, would yield information on the 
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strength of solvation. By analogy, such studies could elucidate the potential stabilization 
of open base pairs by amino acids side chains, such as argenine and lysine, the aliphatic 
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